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SUMMARY 
The neoâymium nitrate-tributyl phosphate-water system 
was studied in an effort to define the character of the 
neodymium nitrate-tributyl phosphate complex formed in the 
organic phase. Three different tributyl phosphates, trl-n-
butyl phosphate, tri-lso-butyl phosphate, and tri-see-butyl 
phosphate, were prepared. The preparation of tri-tert-butyl 
phosphate was unsuccessful and was concluded to be impossible 
because of sterlc hindrance. 
Karl Fisher titrations indicated that the water equi­
librated tributyl phosphate used as the solvent in the ex­
traction studies had a mole ratio of water to tributyl phos­
phate of approximately one for commercial grade tributyl phos­
phate and the synthesized tributyl phosphates. 
Infrared spectra of the organic phase were studied, using 
commercial grade tributyl phosphate with varying concentra­
tions of neodymium nitrate and water. Equilibrium data were 
obtained for the system using the diffèrent tributyl phos­
phates, and material balances were made for each equilibrium 
point that was evaluated. 
From the above studies, it was concluded that ion-dipole 
inter-molecular attractions or sterlc effects may be important 
in the formation of the complex because the extraction data 
with the different tributyl phosphates correlate with the 
degree of compactness of the various tributyl phosphate mole-
viii 
oules. The infrared data showed that completing between tri­
butyl phosphate and neodymium nitrate takes place in the 
vicinity of the P=0 bond of the tributyl phosphate molecule. 
It was also concluded from the above studies and preceding 
work by others that the reaction between the water equili­
brated tributyl phosphate and the neodymium nitrate can be 
written as 
M(NOg)g + 3 TBP-HgO ^ 
Nd( NOg ) 3 • 3 TBP + 3 HgO 
where TBP refers to tributyl phosphate. The only other com­
ponent in the organic phase not accounted for by the reaction 
is the excess water equilibrated tributyl phosphate. This 
remaining water and tributyl phosphate must therefore be 
present in a mole ratio of approximately one to one. 
Since the interactions involved in the complex may be 
weaker and more sensitive to temperature variations than 
usual bonds, the numbers assigned in the above equation should 
be accepted as approximations. 
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INTRODUCTION 
The rare earth elements have been separated by the 
methods of fractional crystallization, fractional precipita­
tion, and ion exchange. Work is being continued on improv­
ing these methods and developing other methods for separating 
the rare earths such as distillation of liquid metals, chroma­
tography, and solvent extraction. This work is directed 
toward developing a more economic method of separating the 
rare earth metals so that they will become more attractive 
for a wider range of uses. - A great incentive for working in 
the field of rrare earth separations is derived from the pos­
sibility of obtaining more than a dozen new metals in their 
pure form at .low cost. This will allow others to investigate 
the rare earth metals' properties on a competitive basis with 
other metals and possibly to develop new and better products. 
This particular work is concerned with the chemistry of 
the tributyl phosphate-neodymium nitrate-water system, one 
showing promise for application in solvent extraction pro­
cedures. The purpose of investigating this system is that 
more complete knowledge of the system may lead to a commer­
cially feasible process, and any general knowledge derived 
may be applied to other systems. 
Tributyl phosphate and water have low solubilities in 
each other while rare earth nitrate is soluble in both tri-
2 
butyl phosphate and water. This type of system with two 
immiscible liquid components and a solute soluble in both 
immiscible phases is required for a solvent extraction pro­
cess. The mechanics of this type of separation procedure 
consist of dispersing the two liquid phases in each other by 
some mechanical method, then separating them by virtue of 
their immiscibility. The solute, being soluble in both 
phases can be made to transfer from one phase to another by 
mixing two non-equilibrium phases. If two non-equilibrium 
phases are mixed for a long enough duration of time equi­
librium phases will result. However, this attainment of 
equilibrium need not be accomplished in order that the con­
tact be useful, even though evaluation of equilibrium data 
is usually used to determine the potential of a particular 
system. As long as transfer of solute takes place, the con­
tact has possible utility. 
In the case of the rare earth nitrates, a useful separa­
tion method would be concerned with transfer of more than one 
solute. The utility of solvent extraction for fractionation 
type separations is derived from the fact that the degree of 
transfer accomplished for each particular solute will depend 
upon its own physical properties and also on the properties 
of its environment, its concentration and the concentrations 
of other solutes present. 
One contact of an aqueous solution of rare earth nitrates 
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with tributyl phosphate may accomplish only a small degree of 
separation of the solutes, but judiciously chosen repeated 
contacts of non-equilibrium phases can separate the rare earth 
nitrates into fractions containing several rare earth ni­
trates, and finally into pure individual rare earth nitrates. 
The properties of the rare earth nitrate-tributyl 
phosphate-water system that indicate its possibilities as a 
solvent extraction system have been studied by many investi­
gators and are partially enumerated below. The combination 
of using the nitrate form with tributyl phosphate was chosen 
after many alternates were considered because the nitrate 
form dissolves readily in tributyl phosphate and tributyl 
phosphate is slightly different in its selectivity for each 
different rare earth nitrate. The nitrate form can be obtain­
ed easily in aqueous solution from oxide ores by dissolving 
the ore in nitric acid, and for practical applications the 
excess nitric acid need not be completely removed. Nitric 
acid has been found to improve separations both by altering 
the equilibrium data and making phase separation easier by 
increasing the density difference between the aqueous and 
organic phases, particularly at low concentrations. The 
neutral system was used experimentally so that the relation­
ship between the rare earth nitrate and tributyl phosphate 
could be studied without increasing the number of variables 
due to the presence of nitric acid. Previous workers have 
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also Investigated other additions to alter the equilibrium 
data such as the addition of various inorganic nitrates. Two 
other desirable characteristics of the rare earth nitrate-
tributyl phosphate-water system are that equilibrium is 
usually attained in mixing times of less than one minute and 
the tributyl phosphate can be easily recovered by contacting 
with water to remove the solutes. The rapid attainment of 
equilibrium makes continuous processing at high flow rates 
possible. The contacts can be arranged in a continuous 
manner in a piece of equipment such as a mixer-settler ex­
tractor or in a column extractor. 
In this present work several effects of the rare earth 
nitrate-tributyl phosphate-water system have.been studied for 
the purpose of obtaining information about the type of complex 
that is formed between a rare earth nitrate and tributyl phos­
phate. The present work is an attempt to answer the question: 
What is meant when one refers to the solubility of a rare 
earth nitrate in tributyl phosphate? 
Infrared spectroscopy was used to determine the position 
on the tributyl phosphate molecule where complexing takes 
place and also to study a problem related to the tributyl 
phosphate-rare earth nitrate system. The latter problem was 
to study the possibility of explaining water solubility in 
tributyl phosphate by hydrogen bonding. In both cases shifts 
in vibrational spectra were sought. 
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The possibility of an ion-dipole interaction explaining 
tributyl phosphate-rare earth nitrate extraction was investi­
gated by altering the dipole moment of the tributyl phosphate 
molecule and studying the correlation between dipole moment 
and extractability. Changing the dipole moment was accom­
plished by synthesizing tributyl phosphates with normal, iso 
and secondary butyl groups. The dipole moments were not 
measured, but the decreasing order of the dipole moments was 
inferred from the relative compactness of the different tri­
butyl phosphates. 
Also, the stoichiometry of the reaction to form the com­
plex was studied by making material balances. Practical 
application of equilibrium data to extraction processes re­
quires data on dilute to highly concentrated phases. In an 
attempt to obtain practical information, the studies listed 
above were conducted over a wide concentration range, some­
times up to the point of saturation of the organic phase. 
One pure rare earth nitrate, neodymium nitrate, was 
considered so that the effects of interactions between tri­
butyl phosphate and a single rare earth nitrate could be 
observed rather than effects of interactions between differ­
ent rare earth nitrates. 
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DISCUSSION OF PREVIOUS WORK 
Evidence Supporting the Complex Mechanism 
In neutral solution, the selectivity that tributyl phos­
phate exhibits for extracting certain nitrates was interpreted 
by Knapp (14) as a good indication that a complex formation 
is involved when extraction occurs. Knapp (14) also pointed 
out that only elements with two or less electrons in the d 
shell immediately under the primary valence shell were ex­
tracted as nitrates with tributyl phosphate in neutral solu­
tions. These elements include scandium, titanium, yttrium, 
zirconium, the lanthanides, hafnium, actinium and thorium. 
The elements that have only one electron in the d shell 
immediately under the primary valence shell are the IIIB 
group elements scandium, yttrium and the lanthanides or rare . 
earths. Actinium is a member of the IIIB group but little 
is known concerning its extractability. The tri nitrates, 
scandium, yttrium and the rare earths are extracted similarly 
in comparison to other valent nitrates of elements in the 
group of elements with one and two d electrons in the d shell 
immediately under the primary valence shell. If tables of 
ionic radii are consulted such as those in Wells (27) and 
Moelier (19), it is seen that the trivaient ionic radii of 
scandium, yttrium and the rare earths also fall into a group 
by themselves. 
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I 
When extraction of the rare earth nitrate occurs it seems 
probable that the tributyl phosphates and the nitrate groups 
will be coordinated.around the rare earth rather than the tri­
butyl phosphate bonding to the nitrate group. The elements 
neighboring scandium and yttrium are not extracted as nitrates 
by tributyl phosphate and it does not seem possible that these 
neighboring elements could affect tributyl phosphate bonded 
to the nitrate group in such a different manner as to cause 
the neighboring element not to be extracted. The rare earth 
and the tributyl phosphate should form a close association in 
order that the differences of ionic radii and one orbital 
electron may determine possibility of extraction. 
Although scandium, yttrium and the rare earth nitrates 
are extracted appreciably, there are differences in extract-
ability. Here again direct coordination of tributyl phos­
phate groups to the rare earth is indicated to allow the 
subtle variations in ionic radii to cause differences in 
the association between the tributyl phosphate and the rare 
earth nitrate. 
Fernelius (10) listed scandium, yttrium and the rare 
earths as possessing a coordination number of six. Conse­
quently , the rare earth ion with six groups coordinated to 
it could be one entity. McKay et al. (17) substantiated the 
existence of a grouping, a rare earth, three nitrate groups 
and three tributyl phosphate molecules, in the dilute coneen-
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tration range by considering the equilibrium of dilute solu­
tions. Their method and its thermodynamic considerations are 
given below. 
§ 
They have proposed that the limiting law at low concen­
trations is the following: 
kRE = (Constant) (cTBp(org))n , (l) 
where kpg is the distribution ratio defined as the ratio of 
the rare earth concentration in the organic phase to the rare 
earth concentration in the aqueous phase and CrpBp(org) is the 
concentration of tributyl phosphate in the organic phase. The 
number of tributyl phosphate molecules coordinated, about the 
rare earth nitrate is represented by n. 
If the above relationship is true, then by plotting the 
distribution ratio versus the tributyl phosphate concentration 
in the organic phase on logarithmic coordinates, the number of 
tributyl phosphate molecules completed with the rare earth 
nitrate can be obtained from the slope of the curve. 
The limiting law stated above may be derived by consider­
ing the thermodynamics of phase equilibria. If the reaction 
that takes place when the complex forms is assumed to take 
place in the organic phase, and the components from the aque­
ous phase that take part in the reaction are assumed to mi­
grate to the organic phase before reacting, then the concen­
trations in the organic phase may be related to each other by 
considering reaction equilibria in the organic phase. The 
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distribution ratio contains the concentration of rare earths 
in the aqueous phase and this may be introduced by consider­
ing the equilibria between phases. Degree of dissociation of 
the rare earth nitrate in the aqueous phase is unknown; how­
ever McKay et al. (17) maintained a comparatively high con­
centration of sodium or calcium nitrate so that the activity 
of the nitrate ion would be constant. For simplicity, the 
following derivations ignore the presence of dissociated 
nitrate. 
If the rare earth nitrate complexes with the tributyl 
phosphate molecule only, the reaction for a trivaient rare 
earth in the organic phase may be represented by 
For simplicity the components are designated as A, B, and C. 
For an equilibrium process at constant temperature and 
pressure, which stage-wise extraction procedures approach, 
the Gibbs free energy function usually is helpful in defining 
criteria for equilibrium. For the case that is being con­
sidered the differential free energy may be written as a func­
tion of temperature, pressure and the number of moles of each 
component that are present. 
RE(N03)3 + n TBP—RE(N03)3-n TBP . 
aA + bB > cC . 
( 2 )  
(3) 
dF = f(T, P, n&, nB, no) (4) 
P,nA,nB,nc T,nA,nB,nc 
10 
(ài_)a„A + (j^lans 
T,F,nB'%C T,P,nA,nc 
• 
(5) 
T,P,nA,nB 
The partial molal free energy of a particular component is 
designated as the chemical potential u^ of that component, 
and for a constant pressure constant temperature process and 
one that takes place at equilibrium conditions, the differ­
ential free energy becomes 
dF = u^dn^ + Ugdng + Ugdn^ = 0 . (6) 
If we let dnA = -ai\ , then dng = -b«SA , and dng = c^A . 
That is, if a small change -aéÀ occurs in nA we can define 
dng and dng in terms of due to the stoichiometric prop­
erties of the reaction. Substituting these in the free energy 
expression: 
dF = -uAa 6A - ugb+ UQC<$A = O . (7) 
Dividing through by <5A : 
C'UQ = auA + bug . (8) 
This represents the condition that must be met for reaction 
equilibrium in the organic phase. The concentrations must 
now be introduced into this expression. This may be accom­
plished by utilizing several definitions. The first is the 
definition of the fugacity f^ of an ith component: 
dUj_ = RT din f1 . (9) 
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If this Is integrated at constant temperature and the limits 
are the state of equilibrium and a specified standard state 
designated by a superscript o, then 
U4 - u? = RT In — - (10) 
1 fi 
An ideal solution which is approximated by small concentra­
tions is defined as one where 
t± = % f° ; (11) 
Nj_ is the mole fraction and the standard state fugacity is 
evaluated at the hypothetical state mole fraction = 1 for the 
solute and is equivalent to the Henry's Law constant at the 
particular temperature involved. Therefore, for an ideal 
solution 
îi. = N. - 51 . (18) 
f° nT 
The symbol n^ is the number of moles cf the ith component 
and nrp is the total number of moles involved in the reaction. 
In the particular case that is being considered, nT would be 
the total number of moles in the organic phase that are in­
volved in the reaction. An inert diluent could be used to 
enable the attainment of actual dilute concentrations so that 
the ideal solution assumption would be applicable. Then for 
the conditions stated the chemical potential becomes 
Ui = u° + RT In % , (13) 
providing that the standard state in Equation 10 is chosen 
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as the hypothetical state mole fraction = 1. 
As stated before, the criterion for equilibrium in the 
organic phase is 
CUQ = auA + buB ; ( 14) 
then 
c(ug + RT in Kc) = a(u% + RT In NA) + b(ug + RT In Nfi) . 
In order to introduce the concentration of rare earths 
in the aqueous phase the equilibrium between the organic and 
aqueous phase must be considered. A thermodynamic criterion 
for equilibrium between phases is that the chemical potentials 
for an individual component must be equal in all phases. 
u^ = u* (15) 
where the * refers to the aqueous phase and the unprimed quan­
tity refers to the organic phase for the particular case in 
question. Therefore, by considering the rare earth nitrate 
concentration, 
a(u% + RT In N^) = a(uj* + RT In N*) . (16) 
Then 
c(ug + RT In Nc) = a(u%* + RT In N%) + b(ug + RT in %) 
(17) 
and 
RT In — e = auA^ + buB ~ cuC = ( constant) 
( % ) a  < % > b  ( 1 8 )  
The ratio (NQ)c/(NA)a represents the ratio of the mole 
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fractions of complex in the organic phase to rare earth 
nitrate in the aqueous phase since for the particular reac­
tion that is being considered, c = a = 1. The mole fraction 
of the complex will be the same as the mole fraction of rare 
earth in the organic phase. Therefore, (Nq)c/(N^)b is the 
ratio of mole fraction of rare earth in the organic phase to 
that in the aqueous phase. The substitution of mole percent 
would not change the value of this quantity and therefore it 
is equal to the distribution ratio and 
RT In ..^RE = (constant)11 • (19) 
(NB)b 
Then 
kRE _ e( constant)1 ^o) 
(%)" 
kRE = e(constant)1 (%|)b _ (2i) 
and 
kRE = (constant) (cTBp (org))n • (22) 
Another constant could correct for the choice of concentra­
tion as something different from mole fraction. This is the 
relationship that was used by McKay et al- (17). Its re­
strictions are that it applies to an equilibrium process tak­
ing place in an ideal solution and at constant temperature 
and pressure. It should also be noted that a rather simple 
reaction is assumed to take place. Utilizing this equation, 
McKay et al. (17) evaluated n for various rare earth com­
14 
plexes. For trivalent rare earths this value was found to 
be three; that is, there are three tributyl phosphate groups 
around the rare earth nitrate in the extracted species. Moore 
(20) has applied this method to the extraction of uranium 
with tributyl phosphate. 
By examining Equation 18 it can be seen that the quan­
tity (%)b is a constant. This quantity, pro­
vided activity coefficients are unity, represents the equi­
librium constant for the following reaction: 
RE(NOg)g (aqueous) + n TBP (organic) •-
RE(N0g)3*n TBP (organic). 
Thus, if ideality is approximated and activity coefficients 
are unity, an equilibrium constant may be set up involving 
concentrations of both phases. Moore (20) has used this to 
prove a proposed mechanism for uranium extraction and a pro­
cedure that utilizes these equilibrium constants to evaluate 
distribution ratios is shown by Benedict and Pigford (4). 
Since many assumptions are required to obtain a justification 
for writing such an equilibrium constant, one wonders if a 
mechanism proved in this manner can really be accepted. 
There is a possibility that errors due to an Incorrect mechan­
ism coupled with errors Introduced by assumptions in the 
mathematical proof may cancel one another and give calcu­
lated distribution ratios that check well with experimental 
values. 
15 
The preceding work done by McKay e_t al. (17) attempts 
to ascertain the ratios of the constituents involved in the 
complex. However, this work does not attempt to define the 
exact character of the molecular species. Some things that 
would be interesting to find out are the space orientations 
of the various groups and the types of bonds that are in­
volved. 
As far as the solvent is concerned, tributyl phosphate 
has a phosphorus double bonded oxygen with electrons avail­
able for bonding. Ion-dipole interactions are also possible 
for the molecule has a dipole moment. The latter was reported 
by Estok and Wendlandt (9) as 3.07 debye and by Rakov and 
Arbuzov (25) as 3.05 debye. This is approximately two times 
the dipole moment of water, 1.84 debye. 
As far as the rare earths are concerned, the only dif­
ference in their electronic configurations is the filling 
of the 4f shell as one progresses to elements of higher atomic 
number as is shown in Table 1 from Pauling (23). If one would 
hope to find bonds involving discrete electrons, this 4f 
shell should be involved in order to give a basis for explain­
ing the slight differences in extraction. However there are 
two considerations that make this seem improbable. The first 
is that this 4f shell is shielded by the outer shells and may 
make these 4f electrons unavailable. Secondly, the farther 
out the shells are, the closer they are together. Since the 
Table 1. Electronic configurations of the rare earthsa 
K_ 
Is 
L M N 0 P 
2s 2p 3s 3p 3d 4s 4p 4d 4f 5s 5p 5d P 
Ce 58 2 2 6 2 6 10 2 6 10 1 2 6 1 2 
Pr 59 2 1 2 
Nd 60 3 1 2 
11 61 4 1 2 
Sm 62 5 : 1 2 
Eu 63 6 1 2 
Gd 64. 46 7 8 1 2 
Tb 65 Is to 4d 8 5s, 5p 1 2 
Ds 66 9 1 2 
Ho 67 10 1 2 
Er 68 11 1 2 
Tm 69 12 1 2 
Yb 70 13 1 2 
Lu 71 14 1 2 
aTable taken from Pauling (23). 
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rare earths have many shells being far down In the periodic 
table, their outer shells are close together and each dif­
ferent electron should not have as much individualism as an 
outer electron in an atom at the beginning of the table. In 
other words, it would be difficult to assign specific elec­
trons to a bond model as is done in hybridization in the 
cobalt and nickel complexes. 
An alternative would be to term the bond an ion-dipole 
interaction as an admission of the lack of knowledge of a 
more aesthetic model• Then one would be forced to depend 
upon the collective properties of the atom's constituents 
rather than on specific properties of certain electrons. 
In addition to postulating complexes formed in neutral 
extraction, it is necessary to consider separate mechanisms 
in some cases of acid extraction because several elements, 
zirconium, tantalum, niobium, and chromium, can be extracted 
only in acid solutions. Knapp (14) proposed that these 
elements are extracted as acids through hydrogen bonding. 
A hydrogen bond is a hydrogen bridge between two very 
electronegative atoms. Two electronegative ions will be 
attracted to a proton, one forming a covalent bond while the 
other will be comparatively weakly attracted. No more than 
two ions can be involved in the bonding, for the negative 
ions are very large compared to the proton, and the third 
ion could not approach the proton close enough to be attracted 
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by it when two other negative ions are already attached. 
The extractions that take place in acid solution usually 
involve acids containing fluorine or oxygen, e.g., HgTaFr,, 
HgNbOFg, and HgCrgO^. It seems highly reasonable that a 
hydrogen atom could bridge the oxygen on the tributyl phos­
phate molecule and an oxygen or fluorine in the acid. Hydro­
gen bonds could explain the solution of water in tributyl 
phosphate and also the extraction of nitric acid by tributyl 
phosphate. The solubility of water in tributyl phosphate 
was listed by Wright (28) as 7 volume percent. This is very 
near a 1:1 mole ratio and indicates the possibility of a 1:1 
complex. 
Basis for Further Study of the Mechanism 
There are three questions, the answers to which would be 
helpful in determining the extraction mechanism of the rare 
earth nitrates by tributyl phosphate under neutral conditions. 
These are: 1. What are the space orientations of the various 
groups involved in the complex? 2. What are the types of 
bonds involved in the formation of the complex? 3. What are 
the ratios of the various constituents of the complex? Prac­
tical answers to these questions should be concerned with a 
wide concentration range, in fact from dilute concentrations 
to saturation. 
The first question is concerned with fixing the locations 
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on the tributyl phosphate molecule where completing takes 
place. A true indication of completing at a definite loca­
tion requires that it be possible to observe something that 
is indicative of a definite location on the molecule. The 
infrared spectra of molecules offers this opportunity, for 
such a spectrum has variations in intensity with wavelength 
that are due to definite bonds in the molecule. 
A very simple analogy of this phenomenon is a mass and 
spring system whose frequency of vibration is determined by 
its mass and the force constant of the spring; 
where f is the frequency, rr is 3.1416, k is the spring con­
stant, and m is the mass. One way to keep such a system 
• vibrating would be to apply a pulse of energy to the mass 
once every cycle at the same point in the cycle. Or in other 
words, in order to keep the mass vibrating, energy must be 
applied with a frequency the same as the frequency of vibra­
tion or some multiple of this frequency such that the energy 
will reinforce the vibration rather than interfere with it. 
For the purpose of simple illustration, bonds and the 
obtaining of their vibrational spectra can be compared to a 
mass and spring system. The bond is a separation between 
two force fields and if it is stretched it will tend to re­
turn to its equilibrium position due to a force that is pro-
so 
portional to some function of the distance from the equi­
librium point. In order to make a bond vibrate, the range 
of required frequencies of energy are found in the infrared 
region. Tables of characteristic frequencies are listed by 
Bellamy (3) and allow the deduction of bonds present in a 
system from its infrared spectrum. 
Returning to the mass and spring system again, an in­
crease in mass should decrease the frequency or increase the 
wavelength since the frequency is inversely proportional to 
the square root of the mass. This is a highly simplified 
case of what should happen if completing takes place in the 
vicinity of a bond. Here an increase in wavelength should 
also be observed. If both completed and uncompleted species 
are present, as would be the case up to the point where the 
solvent molecule is saturated, two characteristic absorbtions 
should be observed, one for each species present, and their 
relative intensities should vary with concentration. The sol­
vent bond that shows a shift in frequency should be the loca­
tion of completing. 
Spectra methods may also contribute to answering the 
second question concerned with the types of bonds involved. 
In a case where hydrogen bonds are possible, such as the 
slight solubility of water in tributyl phosphate, spectra 
shifts may demonstrate that this type of bonding is a strong 
possibility. 
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If for example the hydrogen bond denoted by ••• were In­
volved In the case -P=0*•-H-0-, there should be a frequency 
shift observed in both the OH and the P=0 frequencies as com­
pared to a reference frequency obtained under conditions where 
no hydrogen bonds were present. Absorbtion due to ail OH vi­
brational frequency occurs in the infrared spectra of water. 
For water there would be no hydrogen bonds present in the 
gaseous state for the molecules would not be close enough to 
interact. A reference OH frequency obtained under these con­
ditions listed by Gorman (ll) is 3700 crn-"^. For the P=0 fre­
quency the reference could be taken as that with no water 
present in the case of tributyl phosphate. Since the OH bond 
is much weaker than the P=0 bond the shift due to hydrogen 
bonding should be more pronounced for the OH frequency. As 
listed by Coulson (8), the hydrogen bond is a rather weak bond 
itself, being 6 k cal./mole as compared to usual bonds ranging 
from 50-100 k cal./mole. 
With a complex between tributyl phosphate and the rare 
earth nitrate, a frequency shift may demonstrate the position 
on the molecule where complexing takes place as discussed be­
fore, and consideration of the electronic configuration does 
not indicate that hybridization is a strong possibility. 
Rather, an ion dipole interaction or molecular interaction 
seems more plausible. 
If the dipole moment of the solvent is an important 
consideration, then slight variations in the dipole moment 
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should vary the equilibrium data for the neutral system, 
rare earth nitrate-tributyl phosphate-water, in a predictable 
manner. 
The dipole moment of the tributyl phosphate molecule is 
dependent upon its structure, and the synthesis of tributyl 
phosphates with different butyl groups would offer an oppor­
tunity for varying the structure and the dipole moment. 
Figure 1 shows models of the tributyl phosphate molecule made 
with normal, iso, secondary, and tertiary butyl groups. The 
dipole moments should decrease in this order, the order of 
decreasing molecular extension, and if ion-dipole interaction 
is important, the strength of the organic phase complex should 
also decrease in this order. 
This dependence of extraction on dipole moment would be 
demonstrated by equilibrium data, organic phase composition 
plotted versus aqueous phase composition, if the curves of 
these different solvents appeared in the order: normal high­
est, then iso, secondary, and finally tertiary lowest. This 
would mean that for any given aqueous phase composition, the 
organic phases in equilibrium with that aqueous phase would 
display decreasing compositions in the order normal, iso, 
secondary, tertiary. The strength of the complex would de­
crease in the same order and extraction would be shown to 
correlate with dipole moment. 
It would be expected that the curves would be rather 
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TRI-N-BUTYL PHOSPHATE 
TRI-1 SO-BUTYL PHOSPHATE TRI-SEC-BUTYL PHOSPHATE 
TRI-TERT-BUTYL PHOSPHATE 
Figure 1. Molecular models of tributyl phosphates 
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uniformly spaced "because the changes in structure seem uni­
form; however steric effects may be involved. The grouping 
of solvent molecules around the ion or nitrate may be influ­
enced by the ability of the particular butyl groups to fit 
between each other. 
The third question is concerned with the stoichiometry 
of the complex. This was investigated by McKay et al. (17) 
and was discussed before. Their results are concerned with 
dilute concentrations, and it would be valuable to extend the 
work over a wide concentration range. Their work assumes 
that water does not take part in the formation of the complex 
and this should also be investigated. Precise mass balances, 
usually termed material balances, made around the systems 
while procuring equilibrium data may give some information 
about the stoichiometry of the complex. 
Knowledge of hydration numbers of the aqueous nitrate 
systems could prove valuable. However, experimental values 
for hydration numbers have not been found for very high con­
centration ranges. Indications are that the rare earth ni­
trates are only slightly dissociated at concentrations as 
low as 0.3 molal in aqueous solutions, and solvation values 
obtained would pertain to the molecule. 
Evaluating solvation data is extremely difficult. From 
transference measurements, Ions in aqueous solution are not 
found to be as mobile as would be expected if they were bare 
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ions, so that it is postulated that ions are solvated and 
carry water molecules along with them as they move through 
the solution. Bockris and Conway (5) discussed various 
methods of measuring this solvation number which include the 
transport method, entropy method, compressibility method, 
density method, and dielectric method. A problem that arises 
in the determination of such a number is that it is difficult 
to say at what distance from the ion the electrostatic field 
of the ion no longer has an effect on the. water molecules. 
The various methods of evaluating solvation numbers give 
different values. 
Tributyl Phosphate Preparation 
The solvent itself is of very prime interest in the 
determination of a mechanism for extraction. For experimental 
studies the solvent must be synthesized and purified. If it 
can be obtained commercially it may still have to be purified. 
One commercial source of tributyl phosphate, from whom data 
on the purity of their product were obtained, is the Commercial 
Solvents Corporation. Commercial Solvents Corporation, which 
produces tributyl phosphate from butyl alcohols obtained 
from fermentation processes, stated that their butyl alcohol 
is essentially normal butyl alcohol containing less than 
0.07% secondary butyl alcohol and less than 0.07# isobutyl 
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a l c o h o l . T h i s  co m m e r c i a l  g r a d e  t r i b u t y l  p h o s p h a t e  a n d  t h o s e  
produced by other suppliers is therefore essentially trinormal 
butyl phosphate and if other varieties are desired they must 
be synthesized. 
The exact commercial process is a trade secret but 
Burger (6) stated that the industrial preparation is probably 
the reaction of phosphorus oxychloride on butyl alcohol. 
Noller and Button (22) listed this reaction in the prep­
aration of trialky1 phosphates with the alcohol in the pres­
ence of pyridine which removes the HCl from the reaction. 
Benzene was used as a solvent and the pyridine hydrochloride 
was removed by adding water and separating the water phase. 
For the preparation of tributyl phosphate the reaction would 
be written in the following manner: 
3 C4HgOH + POClg + 3 Pyridine > 
(C^HgO)gPO + 3 Pyridine*HCl . 
This method is really an adaptation of an earlier method used 
by Milobendski and Sachnowski (18) who used ether as a solvent 
and removed the pyridine hydrochloride by filtration. Another 
modification by Murakami (21) used aluminum chloride, zinc 
chloride or magnesium chloride as a catalyst and an inert 
gas to remove the hydrochloric acid. This method was also 
lR. M. McG-h.ee, Chief Engineer, Commercial Solvents Cor­
poration, Terre Haute, Indiana. Data concerning butyl alcohol 
purity. Private communication. July 23, 1957. 
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discussed by Kosolapoff (15) and Karrer (12). 
Karrer (12) also stated that tertiary phosphoric esters 
can be prepared by the action of silver phosphate on alkyl 
halides. 
Ag3P°4 + 3 ICHg —> (0H3)3PO4 + 3 Agi ... 
Pollack (24) and Baldwin and Higgins (l) also discussed this 
method. 
Burger (6) also listed a process similar to the phos­
phorus oxychloride method that was discussed above*. This 
process uses sodium alkoxide instead of the alcohol and there­
fore avoids the hydrochloric acid problem. A process that 
used aluminum alkoxide, Al(0R)3, instead of sodium alkoxide 
was the basis of a patent by Bannister (2). 
Another method mentioned by Burger (6) was exchange 
esterification. Phosphoric acid esters can exchange their 
alkyl groups with alcohols and the reaction, 
(R0)3P0 + R'OH (RO)gR'OPO + ROH, 
is favored if R' is a larger group than R. 
Of the above mentioned preparations the phosphorus oxy­
chloride method was recommended more highly for the produc­
tion of a higher yield of tri-ester rather than mono- or di-
ester• 
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Tributyl Phosphate Purification 
Distillation is a common method for purifying organic 
solvents. In the case of tributyl phosphate, however, dis­
tillation at atmospheric pressure results in decomposition 
and vacuum distillation must be used. Lane (16) recommended 
that the crude tributyl phosphate be washed with a saturated 
sodium bicarbonate solution before distillation to remove 
acid impurities, for these will promote decomposition during 
distillation. Lane (12) recommended that the wash be fol­
lowed by drying over anhydrous sodium sulfate. 
Kennedy and Grimley (13) reported other purification 
procedures that improve the recovery of plutonium from tri­
butyl phosphate after tributyl phosphate has been used to 
extract the plutonium from aqueous solution. They reported 
that 99.8$ plutonium recovery was achieved when the tributyl 
phosphate is treated with 5$ sodium hydroxide, and 5-6 N 
nitric acid over a period of 24 hours, followed by retreat-
ment of the alkali. 
Another method that Kennedy and Grimley (13) considered 
preferable was steam stripping with 0.4$ sodium hydroxide. 
They placed the sodium hydroxide and tributyl phosphate in 
a distilling flask and used a volume ratio of tributyl phos­
phate to 0.4$ sodium hydroxide to distillate collected of 
1:5:2. One hour was used for the steam stripping, shorter 
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times being found less effective. The steam stripping was 
followed by four equal volume washes with water and equi­
libration with 5 N nitric acid. Kennedy and Grimley (13) 
felt that the steam stripping was very effective in removing 
butanol. Combination of the above methods followed by frac­
tionation under vacuum should produce very pure tributyl phos­
phate, Values of the refractive index for tri n butyl phos­
phate are 1.4238 at 18°C reported by Lane (16) and 1.42496 
at 20°C listed by Burger (6). 
Tributyl phosphate tends to "bump11 during distillation. 
Lane (16) suggested that lumps of solid sodium carbonate 
placed in the distilling flask will eliminate bumping. 
Clancy Pidwerbesky of the Chemistry Division of the Ames 
Laboratory allowed a stream of dry air to flow through a fine 
tube into the distilling flask and produce agitation of the 
liquid in the distilling flask.^ 
Carney's book Laboratory Fractional Distillation (?) 
and Weissberger1 s volume on Distillation (26) are very help­
ful in designing vacuum distillation apparatus. 
^Clancy Pidwerbesky, Research Assistant, Ames Laboratory, 
Iowa State University of Science and Technology, Ames, Iowa. 
Information concerning the vacuum distillation of tributyl 
phosphate. Private communication. September 19, 1956. 
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EXPERIMENTAL WORK AND RESULTS 
Infrared Studies 
Two series of studies of the infrared spectra of the 
tributyl phosphate-neodymium nitrate-water system were made. 
Materials used were tributyl phosphate supplied by Commercial 
Solvents Corporation and 99+$ neodymium oxide supplied by 
the Chemistry Division of the Ames Laboratory. The spectra 
were recorded with a Baird Associates, Inc. Infrared Record­
ing Spectrophotometer, Model B, and a Perkin-Elmer Infrared 
Recording Spectrophotometer, Model 13. Sodium chloride 
prisms and the capillary cell technique were used. This 
technique consists of introducing the sample in the beam of 
the spectrophotometer as a film between two flat cell windows. 
Sodium chloride windows were used with the Baird spectro­
photometer and Servofrax windows were used with the Perkin-
Elmer spectrophotometer. Cell windows were also placed in 
the reference beam of the spectrophotometer. Servofrax win­
dows were not attacked by the tributyl phosphate, but the 
sodium chloride windows were attacked and to a degree that 
made repolishing necessary after procuring three or four 
spectra. 
The first series of spectra obtained were of tributyl 
phosphate with varying amounts of water. Variation in the 
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water content was accomplished by either contacting the tri­
butyl phosphate with water or with a desiccant or both, and 
also by vacuum fractionation of tributyl phosphate. The 
vacuum fractionation technique is discussed in a later sec­
tion, "Tributyl Phosphate Purification". . 
The resulting spectra, shown in Figures 2 and 3, are 
plots of percent transmittance versus wave numbers and wave 
length. 
The series shown in Figure 2 was obtained with the Baird 
spectrophotometer and the series shown in Figure 3 was ob­
tained with the Perkin-Elmer spectrophotometer. The Baird 
data were reproduced for the figure by photographic methods 
from the original charts recorded by the spectrophotometer. 
The Perkin-Elmer data were replotted from the original charts. 
This replotting was necessary because the Perkin-Elmer 
spectrophotometer records percent transmittance versus drum 
rotation, and the instrument's conversion curve must be used 
to convert drum rotation to common frequency units . «The 
Perkin-Elmer spectrophotometer, having more versatile adjust­
ments, is more capable of giving reproducible spectra than 
the Baird spectrophotometer. 
Some characteristic frequencies of the water and tri­
butyl phosphate molecules were labeled by referring to tables 
in Bellamy (3). The depth of a valley is inversely propor­
tional to percent transmittance and is therefore directly 
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Figure 2. Infrared spectra of tributyl phosphate containing varying 
amounts of water obtained with the Baird spectrophotometer 
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proportional to absorbtion and the concentration of the 
molecule of which the valley is characteristic. The degree 
to which this is true from one spectra to another depends 
upon the degree of duplication of the film thickness between 
the cell pieces, particularly with the Baird spectrophoto­
meter. However, this variation will not affect relative in­
tensities of one particular spectra. Relative intensities 
can be used to make concentration comparisons between dif­
ferent spectra. 
The OH stretching frequency absorption was slightly dis­
placed to the right in the direction of greater wavelength 
as compared to 3700 cmT1, the value listed by Gorman (ll) 
for the case of water vapor where intermolecular bonding 
should not be present. This OH vibrational or stretching fre­
quency and the OH bending frequency absorptions vary in in­
tensity with the amount of water present. No other signifi­
cant variations with water concentration could be detected 
in other absorptions including the absorption of the P=0 
stretching frequency which should shift to the right with 
increasing water concentration if interaction between water 
and tributyl phosphate takes place at this point on the tri­
butyl phosphate molecule. 
The slight shift of the OH vibrational frequency obtained 
with the water-tributyl phosphate samples in relation to the 
value, 3700 cm"1 or 2.7 microns, indicates that some inter-
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interaction takes place with the OH "bond. However, no con­
clusions can be made concerning the other partner of this 
interaction. The shift may be due to interactions explained 
by hydrogen bonding with the tributyl phosphate molecule but 
also may be due to interactions between water molecules. 
If the interaction is between the water and tributyl 
phosphate, a frequency shift characteristic of the tributyl 
phosphate molecule may not be observed because of the low 
concentration of water as compared to the concentration of 
tributyl phosphate. If a shift of the P=0 absorption occurs, 
this may not be observable because the rather weak hydrogen 
bonding on the P=0 group may not effect the frequency of the 
rather strong double bond significantly. 
The second series of spectra obtained was of the organic 
phase of the tributyl phosphate-neodymium nitrate-water system 
with varying concentrations of neodymium nitrate, and was 
obtained with the Perkin-Elmer spectrophotometer. The 
samples were prepared by contacting water equilibrated com­
mercial grade tributyl phosphate with aqueous solutions of 
neodymium nitrate. The aqueous solutions were prepared by 
dissolving neodymium oxide in nitric acid, evaporating the 
solutions several times to remove excess nitric acid, and 
reconstituting the solutions with distilled water. After 
contacting varying amounts and concentrations of the aqueous 
solutions with tributyl phosphate, the organic phase was 
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separated and samples were saved for. spectra determination 
and analysis. The 1.2201 molal sample was prepared by con­
tacting the tributyl phosphate with a neodymium nitrate 
saturated aqueous solution containing nitrate crystals. 
Crystals were still present after thorough mixing so that 
the organic phase should have been saturated or very nearly 
saturated with neodymium nitrate. The analysis of the 
organic phases is discussed in a later section "Equilibrium 
Data"• 
The resulting spectra are shown in Figure 4. Signifi­
cant variations in the frequencies of the OH absorptions 
and the P=0 absorptions were noted. The OH stretching fre­
quency absorption was again displaced to the right of 
3700 cmT1 or 2.7 microns, and the intensity of this absorp­
tion and the OH bending frequency absorption were inversely 
proportional to the neodymium nitrate concentration and the 
valleys denoting these absorptions disappeared at saturation 
of neodymium nitrate. The P=0 absorption split into two 
separate valleys as neodymium concentration increased, and 
the new absorption was shifted to the right. The ratio of 
the absorption intensity on the right to the absorption in­
tensity on the left appears to be directly proportional to 
the concentration of neodymium nitrate. The ratio in in­
tensity between the CHg bending absorption and the C-CHg 
bending absorption also increases with neodymium nitrate 
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concentrations. • 
The shifts in the OH bending frequency and the P=0 bend­
ing frequency indicate that interactions take place. The OH 
frequency shift could be interpreted as indicating inter­
action between different water molecules or between water 
and tributyl phosphate. The shift of the P=0 frequency 
indicates complexing with the rare earth nitrate because 
the intensity of the valley on the right correlates with 
concentration of neodymium nitrate. However, the valley on 
the left does not disappear when tributyl phosphate is satu­
rated with neodymium nitrate. This indicates the possibil­
ity of not all the P=0 bonds being involved in complex forma­
tion at saturation or the existence of a resonance phenomenon 
that allows the continued presence of the unshifted valley-
over the entire concentration range. 
The decreasing of the OH absorption intensities with 
increasing concentration of neodymium nitrate indicates that 
neodymium nitrate displaces water from the organic phase. 
The absence of water absorptions at saturation of neodymium 
nitrate indicates that no water is present in the organic 
phase at this upper concentration limit. 
The change in relative intensities between the CHg and 
the C-CH5 absorptions may be due to interactions between the 
butyl groups and the nitrate groups, but no simple; explana­
tion related to the neodymium concentration can be offered. 
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Infrared spectra were also obtained of the tributyl 
phosphates the synthesis of which is discussed in the fol­
lowing sections. The Perkin-Elmer spectrophotometer was 
used to obtain spectra of the synthesized tri-n-butyl phos­
phate, tri-iso-butyl phosphate and tri-sec-butyl phosphate-
Replots of the spectra and schematic representations of the 
three molecules are shown in Figure 5. 
The three spectra obtained are very different. An 
extensive theoretical analysis would be necessary to justly 
treat the variations seen, However, some of the variations 
noted can be listed. 
The tri-iso-butyl phosphate spectrum differs from the 
other two in that the C-CHg bending absorption has a small 
valley on its left and the P-O-C stretching absorption has a 
small valley on its right that are not present in the other 
two spectra. 
The tri-sec-butyl phosphate spectrum also has an indi­
vidual characteristic. The ratio in intensities of the 
C-CHg and the CHg bending absorptions is much greater for 
this spectrum than for the tri-n-butyl phosphate and the 
tri-iso-butyl phosphate spectra. 
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Tributyl Phosphate Preparation 
Tributyl phosphates with normal, iso, and secondary butyl 
groups were prepared so that equilibrium data for these dif­
ferent solvents with the tributyl phosphate-neodymium nitrate-
water system could be obtained and studied. Attempts to pre­
pare the tertiary variety were unsuccessful. 
The reaction used by Noller and Button (22), 
3 C4H90Ii..+ P0C13 + 3 Pyridine > 
(C^HgO)gPO + 3 Pyridine*HCl , 
was chosen because it was recommended for producing a high 
yield of tri-ester and also because no intermediate steps 
would be involved since all of the reactants are commercially 
available. 
After a trial preparation of tri-n-butyl phosphate, two 
preparations of each of the tributyl phosphates were carried 
out. Each time an attempt was made to prepare the tertiary 
variety. In the following discussions the first preparation 
of the tributyl phosphates will be referred to as Preparation 
A, and the second preparation of the tributyl phosphates will 
be referred to as Preparation B. The same reaction was used 
for each preparation; however different size equipment and a 
different purification procedure was used for the products 
of each preparation. The reaction products and final puri­
fied products from each preparation will be referred to as 
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reaction products and purified products from .Preparation A 
or Preparation B. 
Only reactants of the highest purity available were 
used. Amounts of reactants used for each preparation as well 
as sources of materials are listed in Table 2. One third 
excess butyl alcohol was used. 
Conventional pyrex laboratory glassware was used to carry 
out the reaction. A diagram of the equipment arrangement is 
shown in Figure 6. 
Different size glassware was used for each of the two 
preparations to accommodate the different amounts of reac­
tants . For Preparation A a 125 ml. separatory funnel and a 
two liter three-necked flask was used; for the second prep­
aration, a 500 ml. separatory funnel and a five liter three-
necked flask was used. The blade of the stirrer could be 
tipped for easy insertion into or removal from the flask. 
The stirrer was operated by a 1/100 H.P., 110 volt electric 
motor. The thermometer used was calibrated from -50 to 50° C. 
and the ice bath container was a 12" x 12" x 5" polyethylene 
box for Preparation A and a cut down five gallon pail for 
Preparation B. In Preparation A the tributyl phosphates 
were prepared one at a time, while in Preparation B the tri­
butyl phosphates were prepared simultaneously in four dupli­
cate equipment arrangements. 
In the case of the normal, iso, and secondary butyl 
Table 2. Quantities of reactants used and suppliers of reactants used in 
tributyl phosphate preparations 
Reactant 
Quantity in 
milliliters Suppli er 
Preparation A 
Normal butyl alcohol 
Iso butyl alcohol 
Secondary butyl alcohol 
Tertiary butyl alcohol 
Phosphorus oxychloride 
Pyridine 
400 
400 
400 
400 
100 
264 
J. T. Baker Chemical Company 
Eastman-Kodak Company 
Matheson Chemical Company, Inc 
Eastman-Kodak Company 
J. T. Baker Chemical Company 
J. T. Baker Chemical Company 
Preparation B 
Normal butyl alcohol 1200 
I so butyl alcohol 1200 
Secondary butyl alcohol 1200 
Tertiary butyl alcohol 1200 
Phosphorus oxychloride 300 
Pyridine 800 
J. T. Baker Chemical Company 
Matheson Chemical Company, Inc. 
Matheson Chemical Company, Inc. 
Matheson Chemical Company, Inc. 
Matheson Chemical Company, Inc. 
J. T. Baker Chemical Company 
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Figure 6. Preparation of tributyl phosphate 
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alcohol reactions, the reactions were carried out by dropping . 
phosphorus oxychloride from the separatory funnel into the 
pyridine-butyl alcohol mixture in the flask. This was done 
slowly so that the heat formed by the reaction could be re­
moved adequately to keep the temperature of the reaction mix­
ture below 50°G. In Preparation A this took from two to three 
hours; in Preparation B from four to six hours were required 
because of the larger amount of material. After the addition 
was completed a very thick, difficult to stir slush resulted 
because of the crystalline character of the pyridine hydro­
chloride by-product. Water was then added to dissolve the 
pyridine hydrochloride, the phases were separated, and the 
organic phase was saved for further purification. 
In the case of the reaction with tertiary butyl alcohol, 
the slush became caked before the phosphorus oxychloride addi­
tion was completed. Slower addition of phosphorus oxychloride, 
a higher excess of butyl alcohol, and removal of the pyridine 
hydrochloride by vacuum filtration before the point of caking 
had been reached were tried in an effort to add all of the 
phosphorus oxychloride but without notable success. 
Carrying out the reaction in a benzene solvent was also 
investigated. However, the pyridine hydrochloride seemed in­
soluble in the benzene and therefore this alternate method did 
not offer any solution to difficulty of mixing due to slush 
formation. 
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The benzene addition diluted the slush but this dilution 
did not appear to aid stirring sufficiently to justify adding 
the benzene. If benzene were added, it would have complicated 
the following distillation steps. The problem of treating this 
benzene in the following purification procedures seemed too 
formidable to Justify changing the preparation procedure. 
Tributyl Phosphate Purification 
The tributyl phosphates from Preparation A referred to 
in the preceding section were purified by a rather simplified 
procedure, which will be discussed first. 
The organic products from the preparation procedure were 
contacted four times with 400 ml. portions of.distilled water, 
shaken in a separatory funnel, and separated from the water. 
In the case of the tertiary butyl alcohol reaction's product 
the washes dissolved all but a few milliliters of the organic 
product. 
Except for the insignificant product from the tertiary 
butyl alcohol reaction, the washed organic products were then 
fractionated under vacuum in the apparatus shown in Figure 
7. For the reaction products from Preparation A, a 500 ml. 
flask was used; for the reaction products from Preparation 
B, a 1000 ml. flask was used. A 17 inch Vigreux column was 
inserted in the top of the flask. At the top of the column 
a thermometer was inserted and a water condenser was attached 
THERMOMETER 
10/30 | 
H20 OUT 
TO HG 
LEG ; VACUUM 
TUBING 
COLD 
TRAP >oc 
)0< 
>o< 
DRYING 
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24/40 $ VACUUM )0< 
>o< 
>o< 
FRITTED 
TUBE 
VIGREUX 
COLUMN VACUUM TUBING 24/40 $ 
24/40 f 
10/30 $ RECEIVING FLASK 
DISTILLING FLASK BUBBLER 
TUBE 
ELECTRIC MANTLE 
Figure 7. Vacuum distillation apparatus 
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to the side arm. A three way adapter was attached to the 
bottom of the condenser; one arm of the adapter was connected 
to a mercury column, one arm to a receiving flask, and the 
other arm was attached to a cold trap leading to a vacuum 
pump. The barometer type mercury leg served the purpose of 
being an emergency pressure release in case vapors were 
formed at a faster rate than the pump and the cold trap could 
remove them. The cold trap was cooled with a dry ice-acetone 
mixture contained in a Dewar cylinder. The vacuum pump used 
was a Welch Duo-Seal, powered by a 1/4 H.P., 110 volt motor. 
The flask was heated by a semispherical electric mantle con­
trolled by a variable transformer and all connections in the 
system were made with either standard taper ground joints or 
clamped thick-walled rubber tubing. 
One other feature of the apparatus was the method used 
to provide agitation of the tributyl phosphate to reduce 
bumping and also to regulate the pressure in the system. A 
2 mm. glass tube was drawn to a very fine point and was used 
to introduce a stream of air into the flask. Various combi­
nations of fused joints, ground joints and wax seals were 
used to place the tube into the flask with a vacuum tight 
connection. The most recent modification of the bubbler tube 
used is shown in Figure 8. This version was prepared by first 
joining a 2 mm. tube to the bottom of an inner 10/30 standard 
taper joint. A hole was then blown in the side of the 2 mm. 
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APIEZON WAX 
10/30 f JOINT 
2 mm TUBING 
HOLE 
6 CM. 
Figure 8. Enlarged view of bubbler tube from distillation 
apparatus 
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tube just below the bottom of the joint, and the 2 mm. tube 
was broken off at the length required to almost reach the 
bottom of the flask when the finished piece was inserted 
into an outer 10/30 standard taper joint in the flask. 
Next, another piece of 2 mm. tubing was drawn out as fine 
as possible to the point where one could barely blow through 
it. The drawn out tube with the fine and thick parts remain­
ing intact were placed inside the joint and tube prepared 
previously with the fine end of. the drawn tube entering the 
top of.the joint first. The thick part of the drawn tube was 
sealed in the joint with Apiezon wax leaving an inch or so 
remaining above the top of the joint and the thin end was 
broken off just a few millimeters below the 2 mm. tubing that 
was then enshrouding it. 
This bubbler tube has several advantages. It can be pre­
pared easily. The diameter of the drawn part of the tube is 
not extremely critical since the long length of the drawn 
section creates much friction with the air stream. Other 
versions with short drawn out sections were very difficult 
to prepare so that reproducibility of flow rate could be ob­
tained. The protective shrouding around the fine drawn out 
tube made the bubbler tube less fragile. Also, the hole in 
the side of the shrouding tube prevented liquid from being 
drawn up into the joint and dissolving the sealing wax when 
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the vacuum was released. 
The air that this tube introduced into the flask was 
dried by passing the air through a drying tube filled with 
magnesium perchlorate• The drying tube was attached to the 
top of the bubbler tube through a fritted tube to keep par­
ticles of desiccant from falling down into the bubbler tube. 
When the solvents from Preparation A distilled in the 
apparatus described above, excellent results were obtained. 
The bubbler tube provided adequate agitation while keeping 
the pressure at a low enough value to prevent the vapor 
temperature at the top of the column from exceeding 120°C. 
during the collection of all but the first tri-n-butyl phos­
phate sample. 
Careful adjustment of the heater control allowed fast 
preheating of the crude tributyl phosphate and moderately 
fast collection of the distillate. One to two drops of dis­
tillate were collected per second which was equivalent to 
100 ml. in less than an hour. 
The distillation of each solvent was divided into the 
collection of several samples. This was done so that the 
uniformity of the product could be determined by measuring 
the refractive index of the product at several points during 
each distillation. As an extra precaution, perhaps unneces­
sary, the electric mantle was removed while collecting a 
sample and the. apparatus was allowed to cool before the vacuum 
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was released. The sample was then removed and another receiv­
ing flask was connected to the adapter. All of the samples 
collected were clear and only slight discoloration took 
place in the distilling flask as the distillations progressed. 
The refractive indices of the fractions of the tributyl 
phosphates from Preparation A were measured at 20° C. with a 
Bausch•and Lomb modified Abbé type refractometer, model 
•33-45-02, used in conjunction with a constant temperature 
bath that controlled the temperature of the water flowing 
through the prism case of the refractometer within five 
hundredths of a degree. The values obtained are listed in 
Table 3. The first fraction of tri-iso-butyl phosphate is 
Table 3. Refractive indices of the tributyl phosphates 
from Preparation A 
Tri-n-butyl phosphate 
First fraction Second fraction Third fraction 
nD at 20°C. 1.4143 1.4304 1.4305 
Tri-iso-butyl phosphate 
Second fraction Third fraction Fourth fraction 
nD at 20°C. 1.4259 1.4260 1.4261 
Tri-sec-butyl phosphate. 
First fraction Second fraction Third fraction 
nD at 20°C. 1.4255 1.4255 1.4256 
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not listed because this sample became contaminated with vacuum 
grease when it overflowed the receiving flask. Except for the 
first fraction of the tri-n-butyl phosphate, the samples of 
each tributyl phosphate appeared uniform. 
The tributyl phosphates from Preparation B, except for 
the tertiary product, were subjected to a different purifica­
tion procedure based on recommendations of Lane (16) and 
Kennedy and Grimley (13) that not all impurities are removed 
by fractionation alone. These impurities Interfered slightly 
with recovery of plutonium when tributyl phosphate was used 
to separate plutonium from dissolved nuclear fuels. Since 
higher concentrations are normally involved in the rare 
earth nitrate system, it was thought that the effect of these 
minute impurities would not be detected in rare earth nitrate 
extraction. However, the alternate procedure was used to see 
if different equilibrium data would be obtained with tributyl 
phosphates using different purification techniques. 
The steps of the purification procedure used for the 
reaction products from Preparation B are listed below. 
1. Treatment four times with water. 
2. Treatment with 5% sodium hydroxide. 
3. Treatment with 4 N nitric acid over a period of 
24 hours. 
4. Retreatment with &% sodium hydroxide. 
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5. Steam distillation with 0.4/2 sodium 'hydroxide for a 
period not less than one hour, TBP:NaOH:distillate 
volume ratio = 1:5:2. 
6. Treatment with 2% nitric acid and finally once 
with water. 
7. Shaking with anhydrous sodium sulfate. 
8. Fractionation under vacuum. 
Each portion of wash solution was one liter in volume and the 
washing consisted of shaking the organic and wash solution in 
a separatory funnel, allowing the phases to separate,, and 
draining off the bottom aqueous phase. The first nitric acid 
contact imparted a yellow color to the three organics. The 
deepest yellow was imparted to the tri-n-butyl phosphate and 
the slightest discoloration was imparted to the tri-sec-
butyl phosphate. 
The steam distillation was carried out in a four liter 
flask fitted with an ordinary water cooled condenser and con­
ventional adapters. Both the organic and sodium hydroxide 
were charged directly into the flask. The flask was heated 
with an electric mantle and a stream of nitrogen was intro­
duced under the surface of the liquid through a glass tube 
to keep the two phases agitated and to prevent bumping. 
Treatment of each of the tributyl phosphates was divided into 
two runs because the apparatus was too small to accommodate 
the entire organic product. Each run took from one to two 
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hours. 
The vacuum fractionation of the tributyl phosphates from 
Preparation B proceeded in the same manner as with those from 
Preparation A, except that the distilling flask contents dis­
colored appreciably during the tri-n-butyl phosphate frac­
tionation; however clear distillate was produced. Only two 
samples were taken during the fractionations of the tributyl 
phosphates from Preparation B. A 50 ml. sample was taken 
first; then the bulk of the tributyl phosphate was collected 
as the second sample, leaving approximately 50 ml. remaining 
in the distilling flask. This procedure was followed be­
cause refractive index measurements of the purified tributyl 
phosphates from Preparation A indicated that the distillate 
was uniform in composition. 
The refractive indices of the purified tributyl phos­
phates from Preparation B were measured with the Bausch and 
Lomb modified Abbè type refractometer, model 33-45-02, and 
accompanying temperature bath. Values were obtained at 18°C. 
and 20°C. for each tributyl phosphate and are listed in 
Table 4. 
The values of refractive index for the tributyl phos­
phates from the two preparations differ from each other and 
the tri-n-butyl phosphate values also differ from the value, 
1.4238 reported by Lane (16) at 18°C. and the value, 1.42496, 
reported by Burger (6) at 20°C. 
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Table 4. Refractive indices of the tributyl phosphates.. • 
from Preparation B 
Butyl phosphate nD at 18°C. ng at 20°C 
Tri-n- 1.4248 1.4240 
Tri-iso- 1.4201 1.4194 
Tri-sec- 1.4199 1.4191 
The differences from the reported values and the differ­
ences between values obtained for solvents from Preparation A 
and Preparation B are probably due to differences in purity. 
However, it is difficult to say whether the lowest or highest 
values represent the highest purity because many side products 
are possible from the reaction used to make the tributyl 
phosphates. Impurities of higher or lower refractive index 
than the pure tributyl phosphate could be present. 
Excluding the first fraction of the tri-n-butyl phos­
phate from Preparation A which was contaminated, the varia­
tion between two solvents from Preparation A was approximately 
equal to the variation between the same two solvents from 
Preparation B. The refractive index for the tri-n-butyl 
phosphate was the highest, the value for tri-iso-butyl phos­
phate was next, and the value for the tr.i-sec-butyl phosphate 
was lowest. The difference in values for tri-n- and tri-iso-
butyl phosphates ranged from 0.0044 to 0.0046, and the differ­
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ences in values for tri-iso- and tri-sec-bu'cyl phosphates 
ranged from 0.0003 to 0.0005. 
A purification procedure was attempted with the tertiary 
butyl alcohol reaction product from Preparation B. Since the 
reaction product from. Preparation A was dissolved by subse­
quent water washes, it was decided to fractionate the ter­
tiary reaction product from Preparation B without washing. 
This resulted in vacuum distillation of the entire reaction 
product into the cold trap without applying heat. It does not 
seem possible that the tri-tertiary-butyl phosphate could 
differ so greatly in volatility from the normal, iso, and 
secondary varieties. The normal, iso and secondary varieties 
distilled near 120°C. while the tertiary product distilled at 
room temperature at approximately the same pressure. 
It was concluded that no tri-tertiary-butyl phosphate 
was formed because the placing of three tertiary butyl groups 
in the required positions is sterically hindered- This is 
indicated by the molecular models of tributyl phosphate shown 
in Figure 1. The tri-tertiary-butyl phosphate model just 
barely fitted together. The marked difference in solubility 
in water of the tertiary reaction product also indicated that 
the reaction did not form any tri-tertiary-butyl phosphate. 
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Equilibrium Data 
The solvents from Preparation A and. Preparation B were 
• J 
used to obtain equilibrium data for the tributyl phosphate-
neodymium nitrate-water system. Also, commercial grade tri­
butyl phosphate was used to obtain a limiting equilibrium 
point in the. high concentration range, the point represented 
by the concentrations of the neodymium nitrate saturated, 
organic and aqueous phases. 
Five equilibrium points each were obtained with the tri­
butyl phosphates from Preparation A. With the solvents from 
Preparation B, eight equilibrium points each were obtained 
with tri-n-butyl phosphate and tri-sec-butyl phosphate; six­
teen equilibrium points were evaluated with tri-iso-butyl 
phosphate. 
These sets of equilibrium data were obtained, in the fol­
lowing manner. Materials used were the synthesized tributyl 
phosphates pre-equilibrated with water, water, and neodymium 
nitrate stock solution prepared by dissolving neodymium oxide 
in nitric acid, boiling off the excess nitric acid, and re­
constituting the solution with distilled water. Water pre-
equilibrated tributyl phosphates were used because failure to 
do this in one instance did not give reproducible data. Per­
haps the kinetics of the water equilibration step are slow 
compared to that involved with neodymium nitrate distribution. 
This would be expected because there are very few sites avail­
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able when saturation is approached. .. However, with distribu­
tion of neodymiuim nitrate, many sites would be available, 
except for cases of distribution involving phases near satura­
tion of neodymium nitrate. The availability of possible sites 
would influence the time it would take for a molecule to find 
an appropriate site. 
An equilibrium curve for the commercial grade tributyl 
phosphate-neodymium nitrate-water system obtained by Roman 
Schoenherr*^ of the Chemical Engineering Division of the Ames 
Laboratory and methods discussed in the Appendix, were used 
to determine the quantities of water, pre-equilibrated tri­
butyl phosphate, and neodymium nitrate stock solution needed 
for each point's determination so that the concentration range 
could be evenly covered with equilibrium points. This method 
required that the stock solution's composition and density 
be evaluated. The composition of the stock solution was 
0.5991 weight fraction neodymium nitrate and its density was 
1.8273 grams/cc. The stock solution was analyzed by the 
oxalate precipitation method which is discussed below and the 
density was measured with a Westphal balance. 
To obtain each data point, the amount of each solution 
needed was placed in a 60 ml. pear shaped separatory funnel. 
iRoman Schoenherr, Research Assistant, Ames Laboratory, 
Iowa State University of Science and Technology, Ames, Iowa. 
Equilibrium data for the tributyl phosphate-neodymium nitrate-
water system. Private communication. January 9, 1959. 
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Additions were made with burets and pipets, and the funnel 
was"weighed on an analytical balance before and after each 
addition so that the exact weights of the phases could be 
obtained. These exact weight determinations were not needed 
for the procurement of equilibrium data but were determined 
for the purpose of making material balances discussed in the 
following section « The funnel was then shaken for three 
one-minute intervals, allowed to stand overnight, and then 
the phases were separated and analyzed. Weight measurements 
were made before and after the withdrawal of each phase and 
recorded for future reference. 
Three samples of each phase were weighed. The neodymium 
was then precipitated from aqueous solution as the oxalate. 
The aqueous phase samples were prepared for this step by 
simply draining the sample into a beaker and washing out the 
sample bottle thoroughly. The neodymium nitrate in the 
organic phase samples was transferred to aqueous solution. 
This was accomplished by pouring the sample into a separatory 
funnel, contacting and shaking the sample several times with 
2% nitric acid, and filtering each aqueous portion into a 
beaker through moderately retentive filter paper. The sample 
bottle was also washed out thoroughly with 2% nitric acid. 
The dilute nitric acid enhanced the density difference, making 
phase separation easier, particularly at low concentrations. 
Filtration of the aqueous portions was employed to remove a 
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small amount of organic present, because carrying this, organic, 
along into the phase to be precipitated would cause erroneous 
results. The aqueous solutions of the samples were then heat­
ed to boiling, precipitated with a saturated solution of 
oxalic acid, and allowed to digest overnight. The precipi­
tates were then filtered with moderately retentive filter 
paper, placed in fired weighed crucibles, and were dried, 
charred, and fired to burn off the filter paper and convert 
the oxalate to the oxide. The oxide weight was then deter­
mined and used to calculate the molalities of neodymium 
nitrate in each phase. The molalities were calculated in 
terms of moles of neodymium nitrate per 1000 grams of mate­
rial other than neodymium nitrate in the sample. The results 
of the three composition determinations of each phase were 
averaged. 
An additional analysis was run with the set of equi­
librium data for the tributyl phosphates from Preparation B. 
After the separatory funnels had been drained, some liquid 
still remained wetting the inside of the funnel. The neody­
mium composition of this film was evaluated by contacting the 
film with several portions of 2% nitric acid, filtering, and 
saving the aqueous portions to analyze for neodymium nitrate 
by the oxalate precipitation method. These compositions were 
recorded and used for calculations discussed in the following 
section, "Material Balances". 
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The compositions of saturated aqueous and commercial 
tributyl phosphate organic phases were determined in a 
slightly different manner than that used for obtaining the 
other equilibrium data. A saturated aqueous neodymium ni­
trate solution was contacted with water pre-equilibrated 
commercial grade tributyl phosphate and the two were thor­
oughly mixed, first in a beaker with a magnetic stirrer and 
finally by shaking in a separatory funnel. Enough crystals 
were present in the aqueous neodymium nitrate"solution at the 
beginning of the experiment such that after transfer took 
place to the organic phase, crystals were still present in 
the system and saturated phases should have been obtained. 
Samples of each phase were taken for analysis by the oxalate 
precipitation method. An average of five duplicate experi­
ments gave neodymium nitrate compositions of 4.6127 molal 
for the aqueous phase and 1.2156 molal for the organic phase. 
The infrared spectra indicated that no water was present 
in the organic phase near the saturation point. If this is 
true and the ratio of moles of tributyl phosphate to moles 
of neodymium nitrate is assumed to equal three as suggested 
by McKay et al. (17), a theoretical composition for the 
saturated organic phase of 1.2531 molal neodymium nitrate 
can be calculated. A saturated aqueous solution was analyzed 
and found to be 4.7161 molal in neodymium nitrate. These two 
compositions should represent the theoretical limit of the 
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equilibrium curve for any tributyl phosphate if the assump­
tion of the ratio of three is correct. The point obtained 
experimentally, (4.6127, 1.2156), by contacting commercial 
tributyl phosphate with saturated neodymium nitrate is below 
the hypothetical theoretical point. Both experimental concen­
trations are lower. Since the aqueous coordinate of the 
theoretical point is an experimental- value, the aqueous con­
centration should have been duplicated if equilibrium had 
been attained. Since this was not observed, it was concluded 
that equilibrium was not reached. The high viscosity of 
these nearly saturated solutions may prevent adequate mixing. 
Also, as saturation Is approached few sites are available for 
the solute molecules, and it may take a very long time for 
equilibrium to be reached. 
This difficulty of approaching equilibrium should also 
be encountered to a similar degree with each of the three 
synthesized tributyl phosphates. If the three curves for 
the synthesized tributyl phosphates can be extrapolated to 
the experiment ally determined saturated phase point for com­
mercial tributyl phosphate, then the complexes between each 
of the three tributyl phosphates and neodymium nitrate should 
have the same composition at this upper limit. 
The sets of equilibrium data that were obtained for the 
tributyl phosphate-neodymium nitrate-water system with tri-n-, 
tri-iso-, and tri-sec-butyl phosphates and the experiment ally 
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obtained saturated phase point are plotted in Figures 9, 10, 
11, and 12. Figures 9 and 10 show the data plotted in molal­
ities, defined as moles of neodymium nitrate per 1000 grams 
of other material. Figures 11 and 12 show the data plotted 
as mass fractions. The data used to plot these curves are 
listed in the Appendix. 
The curves were first plotted in terms of molalities, 
and were later replotted as mass fractions which more clearly 
showed the separations between the curves. 
The curves prepared with data obtained with the tributyl 
phosphates from the two preparations are very nearly congru­
ent. This indicates that, as far as this group of extraction 
data is concerned, the two different purification procedures 
give equally pure tributyl phosphates. However, there was 
some doubt about the location of the mid-range of the iso 
curve obtained with solvent from Preparation B before the last 
eight points of iso data were evaluated. It appeared that 
the iso curve should cross the normal curve at approximately 
1.5 molal in the aqueous phase and appear slightly above the 
normal curve at higher concentrations. The second set of 
eight points was obtained as a check. When these points were 
included the separation between the normal and iso curves 
in the high concentration range did not seem as probable as 
before. Some of the points obtained in the second set of 
iso data were below the respective points in the first set 
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and some were above. 
v "When all of the iso data were included, the curves for 
the trlbutyl phosphates from Preparation B appeared in the 
same order as those obtained with the trlbutyl phosphates 
from Preparation A. 
The figures show that at low concentrations the curves 
appear in descending order as normal, iso, and secondary. 
The highest curve has the greatest concentration of neodymium 
nitrate in the organic phase for any given aqueous phase, and 
the trlbutyl phosphate, that this curve represents is therefore 
the better extractant. 
At high concentrations the tri-n-butyl phosphate curve 
and the tri-iso-butyl phosphate curve become congruent, but 
the tri-sec-butyl phosphate curve remains separated from the 
others. Extrapolated curves could conceivably converge very 
close to the saturated phase point. 
The curves show that the extractability of trlbutyl phos­
phate correlates with the three structure changes made in 
the molecule. The molecule the model of which seems more 
structurally extended, tri-n-butyl phosphate, is the better 
extractant. The difference in extractability between the 
normal and iso varieties is slight at low concentrations and 
nonexistent at high concentrations, but tri-sec-butyl phos­
phate, the most compact of the three molecules, is lower in 
extractability than the normal and iso varieties over the 
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entire concentration'range. 
The trlbutyl phosphate-neodymium nitrate complex seems 
to have the same composition in saturated phases of each of 
the three trlbutyl phosphates because the three different 
equilibrium curves can be extrapolated to one point. This 
extrapolated point appears to be congruent with a saturated 
phase data point obtained with commercial trlbutyl phosphate. 
Material Balances 
The previously listed experimental work related to infra­
red spectra, and the extraction data with the synthesized 
tri-n-, tri-iso- and tri-sec-butyl phosphates was directed 
toward determining the location of complexing on the trlbutyl 
phosphate molecule and determining the correlation between the 
dipole moment of trlbutyl phosphate and extractability. 
The infrared data also demonstrated another interesting 
point. As the neodymium concentration increased in the trl­
butyl phosphate phase, the intensities of the absorptions due 
to the water molecule decreased. This indicated that water 
is displaced from the trlbutyl phosphate phase when neodymium 
nitrate is extracted. The spectrum for the saturated organic 
phase showed an absence or near absence of water, indicating 
that all the water of the water-equilibrated trlbutyl phos­
phate was forced out of the organic phase when the phase be­
came saturated with neodymium nitrate. Then, for the high 
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concentration range,'the following reaction indicating a 
water free complex can be written. 
Nd(N03)3 + (TBP ) y ' ( HgO} z ->~ 
Nd(N03)3-y(TBP) + z HgO . (23) 
In this reaction TBP refers to trlbutyl phosphate and 
y and z are unknowns. The solubility of water in tri-n-butyl 
phosphate was discussed before and was reported as very nearly 
one mole of water per mole of trlbutyl phosphate. The solubil­
ity of water in each of the three trlbutyl phosphates used to 
procure equilibrium data, and also the solubility of water in 
commercial grade trlbutyl phosphate, tri-n-butyl phosphate, 
was determined by Karl Fisher titration. Several titrations 
were run for each of the trlbutyl phosphates and the results 
showed good precision. The mole ratios of water to trlbutyl 
phosphate evaluated were: commercial grade trlbutyl phos­
phate , 0.922; tri-n-butyl phosphate, 0.906; tri-iso-butyl 
phosphate, 0.876; and tri-sec-butyl phosphate, 1.175. These 
measurements and Equation 23 indicate that z is approximately 
equal to y if a saturated organic phase is considered. If it 
can be shown that the stoichiometry implied in Equation 23 
holds over the entire concentration range, then evaluation of 
values of z would approximate values of y. The evaluation of 
z can be accomplished if neodymium compositions and the 
weights of several initial and final phases are known because 
the water is transferred from one phase to another. The water 
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transferred from the organic to the aqueous phase equals the 
weight of the final organic phase subtracted from the sum of 
the weights of the water-equilibrated trlbutyl phosphate and 
the neodymium nitrate in the final organic-phase. ; This sounds 
quite simple; however, in practice, the exact direct weighing 
of the final organic phase is difficult. When the two phases 
are shaken to mix them and obtain equilibrium phases, a small 
amount of each phase adheres to the sides of the separatory 
funnel. The weights of the final phases always inherently 
contain a small error because of this, and an indirect method 
must be used to determine the final phases' weights or to 
eliminate the weights of the final phases as variables. 
Three indirect methods have been developed and applied 
to the data obtained on the trlbutyl phosphate-neodymium 
nitrate-water system. One method uses the neodymium nitrate 
compositions of all the initial and final phases to determine 
the exact weight of the organic phase. The second method 
uses the neodymium nitrate composition of the total adhering 
material to aid in determining the organic phase weight. The 
third method uses Equation 23 to eliminate the weights of the 
organic and aqueous equilibrium phases and to determine z 
directly. 
Equations for applying the above three methods were 
developed. Following the derivations of these equations may 
be assisted by Table 5, which defines the terms used, and 
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Table 5. Nomenclature used in derivations 
m - molality, moles M(N03)3 per .1000 gm. "of other material 
in the phase 
niy - molality, moles Nd(N03)3 per 1000 gm. of other material 
in the phase p 
ma - molality, moles Nd(N03)3 per 1000 gm. of other material 
in the aqueous phase 
IIIQ - molality, moles Nd(N03)3 per 1000 gm. of other material 
in the organic phase 
R - molecular weight of rare earth nitrate, in particular 
Nd(N03)3 
W - molecular weight of water 
Mp - weight of phase p 
- weight of aqueous Nd(N03)3 feed stock solution 
Ma - weight of equilibrium aqueous phase 
M0 - weight of equilibrium organic phase 
Ms - weight of water equilibrated trlbutyl phosphate solvent 
- weight fraction of Nd(N03)3 in total feed 
y - ratio of TBP/Nd(N03)3 in the complex, Nd(N03)3-yTBP 
z - moles water forced out of organic phase/mole of 
nitrate entering 
Maw- weight of aqueous phase adhering to or wetting 
separatory funnel 
Mow- weight of organic phase adhering to or wetting 
separatery funnel 
Mtw- weight of total organic and aqueous phases adhering to 
or wetting separatery funnel 
N - weight fraction of rare earth nitrate 
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Table 5. (Continued) 
N0 - weight„fraction of rare earth nitrate in organic phase 
Na - weight fraction' of ..rare earth nitrate in aqueous phase 
Nw - weight fraction of rare earth nitrate in total material 
wetting separators funnel 
Figure 13, which shows a diagram of the procedure used to 
obtain equilibrium data. Frequent reference to Equation 23 
may also be helpful. 
Material balances were used in developing the three 
methods of evaluating z. The material balance, an applica­
tion of the law of conservation of mass, is expressed in 
algebraic form by equating the weights of material entering 
the process to the weights of material leaving, provided 
that there is no accumulation. This equation is then re­
arranged and solved for the unknown. Usually more than one 
unknown is involved, and writing material balances for sepa­
rate components and also for the total material involved 
gives equations that can be solved simultaneously. 
The procedure used in obtaining equilibrium data for 
the trlbutyl phosphate-neodymium nitrate-water system lends 
itself well to material balance techniques. 
Referring to Figure 13, a total material balance around 
this system is represented by 
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FEED 
Mf % Nf 
Nd(N03)3 
Nd(N03)3- yTBP 
(TBP)(H20) 
y z 
Nd(N03)3 
HgO 
AQUEOUS 
M QI rn q 
SOLVENT 
Ms 
(TBP>(H20) 
ORGANIC 
AQUEOUS 
ORGANIC 
Mo. rfio 
Figure 13. Procurement of equilibrium data 
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Mf + Mg = Ma + M0 , (24) 
where Mf is the weight of aqueous neodymium nitrate solution 
introduced, Ms is the weight of water equilibrated trlbutyl 
phosphate, and Ma and- MQ are the respective weights of the - % 
aqueous and organic equilibrium phases. 
A neodymium nitrate balance is obtained by multiplying 
each term in Equation 24 by each phase's neodymium nitrate 
composition. 
Before listing the derivations of the equations that 
were used to calculate z, the moles of water forced out of 
the organic phase per mole of neodymium extracted into the 
organic phase, the definition of molality employed in col­
lecting the experimental data and the conversion from molal­
ity to weight fraction will be reviewed. These are two con­
cepts that will often be referred to in the three derivations. 
Molality is a common concentration basis in chemistry; but 
when it is used for defining concentrations used in a solvent 
extraction process, some confusion results. The molality is 
usually defined as moles of solute per 1000 grams of solvent. 
In solvent extraction the extracting organic, in this case 
the water equilibrated tributyl phosphate, is termed the sol­
vent, but in the case of the trlbutyl phosphate-neodymium 
nitrate-water system, the solvent referred to in the molal­
ities is not water equilibrated trlbutyl phosphate. In fact 
the molality solvent is different in both the organic and 
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aqueous phases. For convenience, the molality solvent is 
defined as material other than nitrate present in each phase. 
For practical purposes the aqueous phase's molality solvent 
is water since the solubility of- trlbutyl phosphate -in-water • 
is negligible compared to analytical errors. The organic 
molality solvent is composed of trlbutyl phosphate and a 
small amount of water. This cumbersome definition for the 
molality solvent of the organic phase is necessary until a 
definite mechanism is proven to apply oyer the entire concen­
tration range. In an effort to avoid confusion in the follow­
ing derivations, the term solvent, if used, will refer to the 
water equilibrated trlbutyl phosphate, and qualifiers will be 
used for the molality solvents. The molality solvents will 
be referred to as the aqueous molality solvent and the 
organic molality solvent. 
In order to write a component material balance each 
stream's total weight is multiplied by the weight fraction 
of the component in the system. Since the equilibrium data 
was expressed in molalities a conversion from molality to 
weight fraction of nitrate is convenient. Considering a 
sample containing 1000 grams of molality solvent, the ratio 
of grams of nitrate to total grams or the weight fraction 
nitrate will be 
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where m is the molality of the rare earth nitrate as defined 
above and R is the molecular weight of the rare earth nitrate 
Since this weight fraction is a ratio and a dimensionless 
number, this-conversion will apply to any phase with any 
amount of molality solvent. In any phase p of weight Mp and 
of molality nip the weight of nitrate equals 
Vif moo • (86) 
The method for evaluating z by use of the phase compo­
sitions was derived in the following manner. 
Equation 24, 
MF + MS = MA + M0 , (27) 
and a nitrate material balance, 
NFMF = NAMA + N0M0 , (28) 
may be solved simultaneously for the weights of the aqueous 
and organic phases. 
-NQ |Mg + Mfj + N|>Mf 
Ma 
~ Na - N0 ' (29) 
_ Na[Ms + Mf] - KfMj. 
M° " Na--„0 * (30' 
These two equations will give the correct weights of the 
equilibrium phases provided that the neodymium nitrate compo­
sitions of all the phases and the total weights of the incom­
ing phases are accurately known. 
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A material balance around the organic phase gives a rela­
tion for the water transferred. 
Mg + N0M0 = M0 + (grams water transferred) . (31) 
(grams water transferred) = Ms + N0MQ - M0 . (32) 
Finally z, the moles of water transferred per mole of neo­
dymium nitrate extracted into the organic phase, is 
7 _ (grams water transferred) R . (33) 
where R is the molecular weight of the rare earth nitrate, 
N0 is the weight fraction of rare earth nitrate in the 
organic phase, MQ is the mass of the organic phase, and W 
is the molecular weight of water. By using Equations 30, 32 
and 33, z can be evaluated. 
The exact weights of the equilibrium phases, Ma and M0, 
can also be determined by evaluating the composition of the 
material adhering to the separatory funnel used for mixing 
the phases and by taking a material balance around this film 
of adhering material. 
An overall material balance and a rare earth nitrate 
balance are 
^aw+ ^ow ~ ^  tw> (34) 
and „ 
^a^aw + ^ o^ow = ^w^tw > (35) 
where Maw, Mow, and Mtw are the weights of the aqueous 
phase, organic phase, and total aqueous and organic phases, 
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respectively, which adhere to or wet the inside of the sepa­
rators funnel. The symbols, Na, N0, and Nw, refer to the 
respective weight fractions.of rare earth nitrate in the 
aqueous*phase, organic phase, and in the total material wet­
ting the inside of the separators funnel. 
If these two equations are solved simultaneously, 
= ~H°M^ ! IfbW , (36) 
and 
- 
MaMtNa"-YtW • (37) 
Equations 36 and 3? may be used to determine the weights of 
each phase that adhere to the sides of the separator y fun­
nel. These weights added to the respective drained phase 
weights will give the exact weights of the equilibrium phases 
provided that all weights and compositions are determined 
accurately. The weights of the equilibrium phases determined 
in the above manner may then be used with Equations 32 and 33 
to determine z. 
The final way that was used to determine z was based on 
equations derived using the reaction equation, Equation 23, 
to eliminate Ma and MQ, the weights of the equilibrium phases, 
.as variables. Although this equation has experimental justi­
fication only at the saturation point, z values were calcu­
lated, using this reaction equation as a basis, and were com­
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pared to the values obtained by using the two preceding 
methods. Agreement in the values of z obtained with the 
three different methods would substantiate the reaction equa­
tion since the two preceding methods are not dependent upon 
it. 
Obtaining the equations used in the third method consists 
of writing a material balance around the entire system, using 
the reaction equation to aid in making substitutions for Ma 
and M0, the weights of the equilibrium phases, in terms of 
directly measurable quantities, and rearranging the result­
ing equation to obtain an expression for z. 
An overall rare earth nitrate balance using the conver­
sion for weight fraction to molality can be written ; 
"A - rc/f 1000 "a + %Ryi000 M° <38> 
where is the weight fraction of rare earth nitrate ; , 
Ma and MQ are the respective weights of the feed, the aqueous 
phase and the organic phase; ma and m0 are the respective 
molalities of the aqueous phase and the organic phase; and R 
is the molecular weight of the rare earth nitrate. 
It is convenient to consider a basis of 1000 grams of 
organic molality solvent in determining an expression for the 
weight of the organic phase. On this basis, M0 is equal to 
1000 grams plus the weight of the nitrate or 
Mq = 1000 + m0R . (.39) 
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On the same basis, the water pre-equilibrated trlbutyl phos­
phate, fed initially, is equal to 1000 grams plus the weight 
of water that is transferred when it extracts rare earth 
nitrate, or ° 
Kg = 1000 + m0-zW , (40:)-
and 
M0 1000 + lyR (41) 
Ms 1000 + mgzW 
where M0 is the mass of the organic phase, Ms is the mass of 
water equilibrated tributyl phosphate introduced, m0 is the 
organic phase molality, z is the moles of water transferred 
per mole of neodymium extracte, R is the molecular weight 
of the rare earth nitrate, and W is the molecular weight of 
water. Since M0/Mg is a ratio and a dimensionless number, it 
applies to any system; not necessarily one that has exactly 
1000 grams of organic molality solvent. 
1000 + mQR 
1000 + ïïIqZW 
The weight of the aqueous phase is equal to the sum of 
the weights of water and the rare earth nitrate. The weight 
of water is equal to the sum of that introduced in the feed 
and that ejected from the organic phase when rare earth ni­
trate is extracted. Since the aqueous molality solvent is 
water, only, the weight of the aqueous phase may be written 
as the mass of water times the quantity, one plus the grams 
!° " (i) Mn . I Î? I Ms = —: ?" Ms . (48) 
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of nitrate per gram of aqueous molality solvent, or 
Ma = • ^500 * Hi B + Ï5É] 
(43> 
In the above equation Nf is the weight fraction of rare 
earth nitrate in the feed; Mf, Ma, and M0 are the respective 
weights of the feed, aqueous phase and organic phase; m0 and 
ma are the respective molalities of the organic and aqueous 
phases; and R and ¥ are the respective molecular weights of 
the rare earth nitrate and water. 
Equation 42 may be used to eliminate M0 in Equation 43. 
m0R + 10001 1 1000 + zm0W 1000 
+ zm°VMs + maR( 
f f 1000 + zm0W 1000 
zm0maRWMs , . 
1000(1000 + zm0W) 
Equations 42 and 44 may be substituted into Equation 38, 
and after the following rearrangements and simplifications 
are made, an expression for z is obtained. 
ÎÎ£ _ maR H -, N \ , zap# , maR(l-Nf) % 
Mfl " maR + 1000 f Ms 1000 + zm0W 1000 Ms Nf St = ^^Îôôô^1-Nf) ^ + 
zmomaRW "] m^R 1000 + mQR g n
T~zm^WyJ 1000(1000 + ZIIIqW) I moR + 1000 1000 + ZTIIQW 
- w) o 
/Qr\ « • s- g 
VOOOT - (OOOI + HBm) H°ra 
'in 
PUB 
' VOOOI - (OOOI +'H8Œ) H0® = ( °QQ^ MHBm - VA) z°ra 
MSHS m 
[(OOOT + 3p + Q0^1 + kzl HBra°ui 
L 1 M ™z J 
= v. (M°wz + OOOI) 
'V &i 
j: psoBidaa sf ^-525I_ + H^uTj (jH-I) - (OOOI + Hb®)jNJ-
r 002T + (JN-I) - (OOOI + Heta)JM U<Hm> J % 
f . » T -  * »  
pire 
[H^UI OOOI „ 1 M°mz + OOOI (OOOI + Hs<") 5% + M%iOM + «°™=J PS 
- jVifl-T) °°°^ - (JR-T )H^O " (OOOT + aBm)JnJ J 
3 
aooi 
.vjv"- y v ^ " VOOOI + W^Ul I \ UBIU => *'•*'** 
, ;  / 0,0.01 t  \ ,  \ +  
aBtul YH^ra y » H0' 
r OOOI , ucJl F(M°mz + 0001) (OOOI + 
[mhb»°«'2 " J L Hb" J 
[(OOOI + )OOOI OOOI + _ J 1 SM (JN-I ) _(H*m) (JH-I)HbUI J « i « ~ Jm 1 — 
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It should be noted that y is not present in any of the pre­
ceding equations. Since trlbutyl phosphate does not transfer 
from one phase to the other, y cannot be related to z by a 
material balance .noI involved :with, the trlbutyl phosphate 
concentration. A material balance cannot give information^ 
concerning y unless the trlbutyl phosphate concentration is • 
known in one of the streams, 
The three previously developed methods were used to 
evaluate z with the weights and analyses obtained while pro­
curing the equilibrium data discussed in the preceding sec­
tion and with the data of Schoenherr^ listed in Table 6. The 
calculated values of z are also listed in Table 6. 
The general trend of the values indicates that values of 
z near three are probable at concentrations near saturation 
and in the mid-concentration range and also that the value 
of z increases with decreasing concentration. 
The values of z calculated by the three different methods 
show general agreement. The first two methods did not involve 
an assumption concerning the stoichiometry of the"reaction, 
but the third method as sûmes a definite stoichiometry. Since 
general agreement was obtained between the values of z cal-
^Roman Schoenherr, Research Assistant, Ames Laboratory, 
Iowa State University of Science and Technology, Ames, Iowa. 
Equilibrium data for trlbutyl phosphate-neodymium nitrate-
water system. Private communication. January 9, 1959. 
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Table 6. Calculated values of z, moles of water displaced 
from organic phase per mole of Nd(NOg)g extracted 
"by the organic phase (z^_ calculated using weights 
and compositions of phases ; zg calculated using 
weights and compositions of adhering material; 
Z3 calculated using assumed reaction) 
Organic Aqueous 
molality molality Z1 z2 z3 
From Schoenherr1 s data, with commercial trlbutyl phosphate^ 
0.2:31 5.6226 
0.658 0.947 2.997 ' weight 6.3350 
0.723 1.026 2-889 fractions 3.4022 
0.916 1.401 2.835 not 3.0242 
0.990 1.663 2.886 measured 2.8348 
1.047 1.885 2.707 2.9653 
From data with tri-n-butyl phosphate from Preparation A 
0.5280 0.7760 5.3624 Adhering 5.300 
9.7530 1.075 6.5987 weight 6.343 
0.9449 1.5097 4.9743 fractions - 4.919 
1.1398 2.5857 3.3736 not 3.329 
1.2184 3.6110 3.1372 measured 3.111 
From data with tri-iso-butyl phosphate from Preparation A 
0.5119 0.7822 6 . 24 63 Adhering 6.284 
•0.7471 - 1.0741 . • 7 . 54 76 weight 7.805 
0.9525 1.5133 5.9417 '- v fractions 5.690 
1.1307 2.5674 5.2469 * ' not v- 5.209 
1.2133 3.6131 4.2812 measured Ï 3.199. 
From data with tri-sec--butyl phosphate from Preparation A 
0.3272 0.8459 5.2190 Adhering 5.080 
0.5640 1.1378 4.8991 weight 4.973 
0.8138 1.5550 6.4650 fractions 6.397 
1.0872 2.6018 4.3059 not 4.343 
1.1800 3.6611 3.0449 measured 3.097 
aIbld. 
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Table 6. (Continued) 
Organic 
molality 
Aqueous 
molality 
From data with tri-n-butyl phosphate from Preparation B 
0.08:31 0.309:5 -11.-6674 -2 • 8§'9'2' " -14 :1427 
0.3306 0.5719 -3.4117 0.7964 . -3.6556 
0.5149 0.7463 -0.1789 1.7761 -0.1570 
0.7818 1.1029 1.3260 1.3253 1.1134 
0.9571 1.5169 2.0533 2.4677 2.1018 
1.0968 2.1491 2.5153 2.2157 2.4461 
1.1604 2.9461 2.8802 1.4670 2.9199 
1-2071 3.9665 ' 2.8453 ' 2.2458 2.8191 
From data with tri-lso-bi atyl phosphate from Prepar ation B 
0.0580 0.3119 20.0956 -1.5251 18.4812 
0.3065 0.5755 3.8442 -4.0639 3.3581 
0.5104 0.7505 0.6588 -0.0276 0.6511 
0.5859 0.8320 3.2863 1.0174 3.6852 
0.9718 1.4973 3:8551 2.0615 3.8544 
1.1111 2.1735 2.7016 1.6538 2.6988 
1.1584 2.0989 3.2611 2.0601 3.2487 
1.2076 3.0766 2.5586 2.0771 6.2502 
0.0593 0.3181 9 . 5906 5.8458 11.9746 
0.2992 0.575 3.1911 4.1632 3.1114 
0.5014 0.7530 3.2517 3.5273 3.1127 
0.7835 1.0984 3.9548 2.9737 3.7917 
0.9663 1.4966 3.2615 2.6864 3.3460 
1.1132 2.1627 3.3348 2.8179 3.2976 
1.1774 2.9187 3.1191 2.6870 3.09,m 
1.2179 3.9558 3.1496 2.6570 . •v 3.1170 
From data with tri-seç-butyl ptio sphate from Preparation B . 
0.0178" 0.3253 ' 25.0660 25.8625 24.608 
0.1515 0.6224 5.3560 7.1933 4.7265 
0.3141 0.8228 4.0197 3.9463 3.9242 
0.6068 1.1794 3.5668 3.4188 3.4172 
0-8278 1. 5594 3.6936 3.4313 3.7980 
1.0335 2.2059 7.3445 3.5803 3.0538 
1.1223 2.0683 2.2644 3.3580 3. 5042 
1.1842 3.9696 3.1696 3.4703 5.1380 
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culated by the different methods, it is concluded that the 
stoichiometry assumed by Equation 23 is correct over the en­
tire concentration range. However, there are discrepancies 
in values obtained .with different sets of data-
a 
= Since the amount of water, measured indirectly by ...the 
° ' -
three methods,. is very small compared to the total weight 
present, any method devised to measure this amount of water 
may be very sensitive to small errors in the values obtained 
for the directly measured variables. This is true for the 
values of z calculated with Equation 46 and is probably true 
for the other two methods since all three methods depend upon 
many of the same measurable quantities. 
The degree to which error can be introduced in z by 
small errors in Nf and m0 is demonstrated by Figures 14 and 
15. Two points of equilibrium data were chosen from the set 
obtained with the tri-n-butyl phosphate from Preparation A. 
The points were (0.7760, 0...520,0) ..and; (3.6110, 1.2184), px- ' 
pressed in molalities. Small errors were imposed on the 
experimentally obtained values of Nf and m0, and the percent 
error introduced in z was calculated. 
Very small errors in Nf have a great effect. The feed 
stock solution analyses were precise to at least one tenth of 
one percent. However, results could conceivably be low even 
though duplicate samples show high precision. Also, the 
degree of error may depend enough upon slight variations of 
92 
LU < 
Figure 14 
% CHANGE IN WATER TRANSFER 
VS 
ERROR IN FEED COMPOSITION 
O.I 0.2 0.3 0.4 
% ERROR IN FEED COMPOSITION 
(WEIGHT FRACTION) 
Error introduced in water transfer due to small 
errors in feed composition 
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technique that the results may be of higher error at one time 
than another while still displaying high precision. 
The different feeds were obtained by diluting the stock 
solution. The different Nf's were calculated using the com­
position and weight of the stock solution and the weight of 
water used for dilution. The values of Nf for each set oft 
data are therefore dependent on one composition.. An.,.e,rror;;-.; v;."' 
in the v=alue for the stock compositi.on'"wouId cause the entire 
se:t''b.f z," values ,,to.: be* shif ted in one direction. 
.Errors in values for m0 are probable for analysis- of an 
organic phase is not as precise as the analysis of an aqueous 
phase ..The heodymium. nitrate in the organic sample must be 
transferred to an aqueous solution before precipitation. 
This necessitates handling the sample more often, and in­
evitably some sample is lost. Since m^ is determined inde­
pendently for each data point, errors in mQ could be re­
sponsible for discrepancies"in one point rather than the en­
tire series. Combinations of errors In jn0 and. Nf could easily 
account for the variations in the values of z. 
The errors discussed above imply concern over variations 
in technique. However, another type of error is possible. 
Even if experimental technique were flawless, the results 
of the analyses might be low because complete precipitation 
may not take place without repeated precipitations of the 
filtrate. Reprecipitations were not employed to obtain the 
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above data. This type of error would produce higher values 
of z and would be particularly significant at low concentra­
tions . The curves labeled low concentration on the graphs 
are not for as low a concentration as that which yielded z 
values of approximately 20. A curve more representative 
of this latter region would be almost vertical. Another 
source of error could be incomplete removal of nitric acid 
"r:f;rom the feed stock solution. 
I-fvan error of the type discussed above is inherently 
present in the;;:.method of analysis, then little faith can be 
placed in the values obtained for z in the low concentration 
range• At the low range there is enough available water 
associated with^he tributyl phosphate so that the small 
amount of nedd'ymium nitrate could possibly replace SO mole­
cules,.-of water per molecule of neodymium nitrate. However, 
it does not seem probable that one molecule of neodymium 
nitrate could create such an enormous effect. 
Since the solubility of water in the tributyl phosphates 
is approximately a one to one mole ratio of water to tributyl 
phosphate, and the stoichiometry inferred in Equation 23 is 
believed to apply over the entire concentration range, the 
values of y are approximately equal to" the values of z. 
McKay et al. (17) obtained three as the value of y in 
the dilute concentration range, and it is highly probable 
that their result is more correct for that range than the 
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higher values listed above. 
The accuracy of the above material balance methods is 
not as questionable in the concentrated range. Values near 
three are obtained for z or y in concentrated solutions. 
Combining this result with the result of McKay et al. (17), 
it seems probable that the ratio of tributyl phosphate to 
neodymium nitrate in the organic phase complex is approxi­
mately equal to three over the entire concentration range. 
The remaining water and tributyl phosphate present in the 
organic phase should be present in the mole ratio of approxi­
mately one to one. 
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CONCLUSIONS 
The preceding work was directed toward obtaining informa­
tion concerning the nature of the complex formed between tri­
butyl phosphate and neodymium nitrate. During the process of 
obtaining information directly concerned with this problem, 
other information was derived. 
The organic product from the tri-tertiary-butyl phosphate 
preparation was either easily dissolved by water washes or 
distilled at a much lower temperature than the yields from 
the tri-n-butyl phosphate, tri-iso-butyl phosphate, and tri-
sec-butyl phosphate preparations. Both of these behaviors 
of the tri-tertiary-butyl phosphate yield were so different 
from the behavior of the other three yields that it is con­
cluded that tri-tertiary-butyl phosphate was not obtained 
and cannot be obtained because the formation of this molecule 
is sterically hindered. 
Shifts in the OH vibrational frequency indicated that 
the water molecule interacts with other molecules in the 
organic phase of the tributyl phosphate-neodymium nitrate-
water system. However, this interaction could be between 
other water molecules or with other molecules in the system. 
No other shifts were observed that could establish the iden­
tity of the water's interaction partner. 
Tributyl phosphates subjected to the two different 
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purification procedures gave duplicate equilibrium data for 
the tributyl phosphate-neodymium nitrate-water system. It 
is concluded that both procedures are equally satisfactory 
for treating crude tributyl phosphate to be used in rare 
earth extractions. 
It was shown that water pre-equilibrated tributyl phos­
phates should be used to obtain reproducible extraction equi­
librium data. It is concluded that the* kinetics of the water 
equilibration step are controlling and the slow attainment 
of this equilibrium effects the equilibrium distribution of 
neodymium nitrate if the water equilibration is not accom­
plished before hand. 
The infrared spectra, equilibrium data with the differ­
ent tributyl phosphates, solubility of water in the tributyl 
phosphates, and the material balances conducted, allowed the 
following conclusions to be made concerning the character of 
the tributyl phosphate-neodymium nitrate complex. 
Equilibrium data were evaluated with tri-n-butyl phos­
phate, tri-iso-butyl phosphate, and tri-sec-butyl phosphate. 
These data correlated with the compactness of the molecules. 
Dipole moments should be proportional to compactness and ion-
dipole intermolecular interactions may be important in the 
formation of the tributyl phosphate-neodymium nitrate com­
plex. However, steric effects of the different butyl groups 
could also explain the correlation. 
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It is also concluded that the tributyl phosphate-
neodymium nitrate complexes with the different tributyl phos­
phates have the same compositions at saturation of the or­
ganic phase because the equilibrium curves could be extra­
polated to a common point in the high concentration region. 
The infrared spectra indicated that neodymium nitrate 
complexes in the vicinity of the P=0 bond of the tributyl 
phosphate, and that water is displaced from the organic phase 
by neodymium nitrate• At saturation of the organic phase with 
neodymium nitrate, the infrared spectra indicated that no 
water was present. 
The following reaction was then written to apply to this 
special case at saturation of the organic phase: 
Nd(N03)3 + (TBP)y-(H20)z —>• 
Nd(N03)3-y(TBP) + z HgO . 
Material balances dependent and independent upon the 
stoichiometry implied in the above reaction gave similar re­
sults for z over a wide concentration range. It is there­
fore concluded that the stoichiometry implied in the above 
reaction applies over the entire concentration range and that 
the tributyl phosphate and water that does not take part in 
the reaction must be present in the ratio y/z. 
Karl Fisher titrations established that y is approxi­
mately equal to z for the three tributyl phosphates and values 
obtained for z or y by material balances were approximately 
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equal to three in the intermediate and high concentration 
regions. Higher values were obtained at low concentrations 
but were thought to be in error because very small analytical 
errors produce enormous effects in the values obtained for z. 
The type of errors suspected would be more significant in the 
low concentration range and would produce high values of z. 
The values calculated by material balances for the inter­
mediate and high concentration ranges and the values obtained 
by McKay et al. (17) for dilute concentrations lead to the 
conclusion that z or y is fairly constant and is approximately 
equal to three. 
It is concluded that a fairly accurate picture of the 
organic phase on the molecular scale consists of two com­
plexes. One complex seems to be the tributyl phosphate-
neodymium nitrate complex formed by three molecules of tri­
butyl phosphate complexed to the rare earth nitrate through 
the P=0 bond and held together by dipole ion interactions 
between the neodymium and the tributyl phosphate. The remain­
ing tributyl phosphate could be complexed with water and would 
be present in'approximately a one to one mole ratio. 
It must be emphasized that this is an approximate pic­
ture. The inaccuracy of the experimental results make this 
qualifying statement necessary. Also, the type of interac­
tions involved may be weaker than ordinary bonds and are 
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probably temperature dependent. The designation of definite 
mole ratios of constituents in the complex must be taken as 
a value that may be subject to slight variations. 
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Prediction of Weights of Solvent and Feed Needed to 
Duplicate a Specific Equilibrium Point 
Sometimes it is desired to obtain more equilibrium data 
even after the general shape of the equilibrium curve is de­
fined. It may be desired to duplicate the curve as a check, 
or more points may be needed in a particular region to better 
define the curve. 
In the case of the equilibrium data discussed in previous 
sections, it was desired to obtain equilibrium points for the 
tributyl phosphate-neodymium nitrate-water systems using 
tri-n-butyl phosphate, tri-iso-butyl phosphate, and tri-sec-
butyl phosphate. It was also desired to obtain the data n 
such a manner that the points on each of the curves would 
cover a predefined concentration range and also be fairly 
evenly distributed over the concentration range. 
Equilibrium data for commercial tributyl phosphate-
neodymium nitrate-water were provided by Roman Schoenherr of 
the Chemical Engineering Division of the Ames Laboratory."'" 
Commercial grade tributyl phosphate is essentially tri-n-butyl 
phosphate. If a method could be conceived to reproduce the 
values of the amounts of aqueous nitrate solution feed and 
-'-Roman Schoenherr, Research Assistant, Ames Laboratory, 
Iowa State University of Science and Technology, Ames, Iowa. 
Equilibrium data for tributyl phosphate-neodymium nitrate-
water system. Private communication. January 9, 1959. 
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the water equilibrated tributyl phosphate that Schoenherr 
used to obtain particular equilibrium points for his curve, 
this method using Schoenherr1s data as a basis should be 
satisfactory for predetermining the location of equilibrium 
points for the synthesized tri-n-butyl phosphate. The other 
synthesized tributyl phosphates should not differ- exceedingly 
in extraction properties and using the same amounts of feed 
and water pre-equilibrated tributyl phosphates used to obtain 
a point for the tri-n-butyl phosphate should give points of 
equilibrium data for tri-iso- and tri-sec-butyl phosphate 
that are close to the tri-n-butyl phosphate point. 
Equation 45 of the preceding section offers the oppor­
tunity for determining the feed to solvent ratio needed to 
obtain a particular point if a definite value is substituted 
for z. 
|471 
Ms Nf(maR + 1000) -(1-N-f) fmaR • i2sS^"| 
Table 7 lists values of M^/Mg calculated from Schoenherr's 
equilibrium data"*" assuming z = 3 as suggested by McKay et 
al. (17) and also lists the actual Mf/Ms values that Schoen­
herr^ used. The agreement is quite close considering that 
3-Ibid. 
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Table 7. Check of Equation 45 ; •jith Schoenherr1 s dataa 
Nf m0 ma 
Mf/Ms 
Equation 45 
Mf/Ms 
ac tual 
0.4510 1.047 1.885 3.3039 3.3014 
0.4510 0.990 1.663 2.2637 2.2596 
0.4510 0.916 1.401 1.5713 1.5748 
0.3367 0.723 1.026 2.1673 2.1716 
0.3506 0.658 0.947 1.4956 1.5189 
0.1984 0.231 0.502 1.1819 1.1963 
aIbid. 
the assumption of z = 3 may be far from the value obtained 
with the data in some instances 
Some rearrangement of the equation is desirable because 
it is more convenient to fix the combination of a feed to 
solvent ratio that the separatory funnel will accommodate and 
a solvent quantity large enough for analysis and then to cal­
culate the feed composition needed for each point. If a con­
centrated feed stock solution is available, a feed of another 
composition may be prepared easily by water dilution. 
If the assumption of z - 3 is retained and Equation 47 
is solved for Nf, the feed composition needed to obtain the 
equilibrium point (m0, ma) will be 
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momaRB + % c 
1000 + 3mnW Ms 
Nf = —2 — (48) 
& D 
Ms 
where 
3m RW , 
B ' 3W + T5ÔÔ + k (%R + 1000) 
(m R)2 
- 
maR + 1000 
and 
(m R)S 
D = 1000 + 2m0R + a a. T 1000 * 
In the preceding equation, N^ is the required feed composi­
tion as weight fraction rare earth nitrate; Mf/Ms is the feed 
to solvent ratio; m0 is the organic phase molality; ma is 
the aqueous phase molality; R is the molecular weight of the 
rare earth nitrate; ¥ is the molecular weight of water; and 
the groups, B, C and D, are defined above. 
An expression to determine the weights of stock solu­
tion and water required to prepare the feed solution may also 
be derived. The required feed composition will be the weight 
of nitrate added divided by the sum of the weights of stock 
solution and water, or 
M _ NstockMstock NstockMstock ODN 
f " WT (total feed) (49) 
where Ns-took. ^stock refer to the rare earth nitrate weight 
Ill 
fraction and the weight of the stock solution, respectively, 
and Mw is the weight of water needed to dilute the stock 
solution. 
By rearranging Equation 49, the weight of stock solution 
required is 
Mgtock = (total feed) —^— . (50) 
"stock 
If the feed to solvent ratio and the amount of solvent 
is fixed, then the total feed is known. The required weight 
of stock solution can then be calculated and the required 
weight of water can be found by difference. 
This method was employed using Schoenherr1 s data"*" as a 
basis in obtaining the equilibrium data for the two prepara­
tions of synthesized tributyl phosphates. The density of the 
neodymium nitrate feed solution was evaluated with a Westphal 
balance and the density of the water equilibrated tributyl 
phosphate was assumed to be equal to 1.0 grams/cc. so that 
the calculated weights could be converted to volumes. Addi­
tions of water and a neodymium nitrate stock solution were 
made with 50 ml. burets, and a 10 ml. pipet was used to add 
the water equilibrated tributyl phosphate. Too much water 
was added accidentally while obtaining the iso point (0.8320, 
0.5859). 
1Ibid. 
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The manner In which the data points are uniformly spaced 
on the curves in Figures 9, 10, 11 and 12 in groups of 
points, except for the one iso point, demonstrates the suc­
cess of predicting the solvent and feed weights in the above 
manner. 
Tables of Experimental Data. 
Table 8. Equilibrium data Nd(N0g)g compositions obtained 
with tributyl phosphates from Preparation A 
Organic Aqueous 
Organic Aqueous weight weight 
molality molality fraction fraction 
Run mo ma 
H
= . V 
Data obtained . with tri-n-butyl phosphate 
Ic-n 0.5280 0.7760 0.1485 0.2040 
Id-n 0.7530 1.075 0-1992 0.2620 
Ie-n 0.9449 1.5097 0.2388 0.3327 
If-n 1.1398 2.5857 0.2735 0.4606 
Ig-n 1.2184 3.6110 0.2870 0.5439 
Data obtained with tri-iso -butyl phosphate 
Ic-iso 0.5119 0-7822 0.1446 0.2053 
Id-iso 0.7471 1.0741 0.1979 0.2619 
Ie-iso 0.9525 1.5133 0.2393 0.3332 
If-iso 1.1307 2.5674 0.2719 0.4589 
Ig-iso 1.2133 3.6131 0.2861 0.5441 
Data obtained with tri-sec -butyl phosphate 
Ic-sec 0.3272 0.8459 0.0975 0.2184 
Id-sec 0.5640 1.1378 0.1570 0.2732 
Ie-sec 0.8138 1.5550 0.2118 0.3393 
If-sec 1.0872 2-6018 0.2642 0.4622 
H
 
°
?
 
CO
 
CD
 
O
 1.1800 3.6611 0.2804 , 0,5475 
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Table 9. Equilibrium data neodymium nitrate compositions 
obtained with tributyl phosphates from Preparation 
B 
Organic Aqueous 
Organic Aqueous weight weight 
molality molality fraction fraction 
Run 
, mo ma No Na 
Data obtained . with tri-n-butyl phosphate 
Ila-n 0.0831 0.3095 0.0267 0.0927 
Ilb-n 0.3306 0.5719 0.0984 0•1589 
Ilc-n 0.5149 0.7463 0.1453 0.1978 
Ild-n 0.7818 1.1029 0.2052 0.2670 
Ile-n 0.9571 1.5169 0.2402 0.3338 
IIf-n 1.0968 2.1491 0-2659 0.4151 
Ilg-n 1.1604 2.9461 0.2771 0.4932 
Ilh-n 1.2071 3.9665 0.2850 0.5671 
Data obtained with tri-iso -butyl phosphate 
Ila-iso 0.0580 0.3119 0.0188 0.0934 
Ilb-iso 0.3065 0.5755 0.0919 0.1597 
Ilc-iso 0.5104 0.7503 0.1443 0.1986 
Ild-iso 0.5859 0.8320 0.1621 0.2156 
Ile-iso 0.9718 1.4973 0.2430 0.3309 
Ilf-iso 1.1111 2.1735 0.2685 0.4179 
Ilg-iso 1.1584 2.9089 0.2767 0.4900 
Ilh-iso 1.2076 3.9766 0.2851 0.5677 
lia1 -iso 0.0593 0.3181 0.0192 0-0951 
lib'-iso 0.2992 0.5750 0.0899 0.1596 
Ile'-iso 0.5014 0.7530 0.1421 0.1992 
IId'-iso 0.7835 1.0984 0.2056 0.2662 
Ile1-iso 0.9663 1.4966 0.2424 0.3308 
Ilf-iso 1.1132 2.1627 0.2688 0.4167 
Ilg1-iso 1.1774 2.9187 0.2800 0.4908 
Ilh'-iso 1.2179 3.9558 0.2869 0.5664 
Data obtained with tri-sec -butyl phosphate 
Ila-sec 0.0178 0.3253 0.0058 0.0970 
Ilb-sec 0.1515 0.6224 0.0476 0.1705 
Ilc-sec 0.3141 ' 0.8228 0.0950 0.2137 
Ild-sec 0.6068 1.1794 0.1670 0.2830 
Ile-sec 0.8278 1.5594 0.2147 0.3400 
Ilf-sec 1.0335 2-2059 0.2545 0.4181 
Ilg-sec 1.1223 2.9683 0.2704 0.4950 
IIh-sec 1.1842 3.9696 0.2812 0.5673 
114 
Table 10. Weights of phases in. grams in procurement of 
equilibrium data with tributyl phosphates from 
Preparation A 
Run 
Nd(N0g)g 
stock 
solution Water Solvent 
Drained 
aqueous 
Drained 
organic 
Data obtained with tri-n-butyl phosphate using aqueous 
Nd(N0g)g stock solution 0.5991 weight fraction Nd(N0g)g 
Ic-n 14 .4718 21 .3113 9 .6508 34 .4-002 10.8358 
Id-n 19 .6463 18 .3664 9 .5294 36 .0308 11.3010 
Ie-n 26 .0853 14 .5599 9 .6111 38 .0966 11.8907 
If-n 38 .7782 7 .0798 9 .6010 42 .7685 12.3344 
Ig-n 48 .7236 1 .2850 9 .6256 46 .6115 12.4552 
Data obtained with tri-iso-butyl phosphate using aqueous 
Nd(N0g)g stock solution 0.-5991 weight fraction Nd(N0g)g 
Ic-iso 
Id-iso 
Ie-iso 
If-iso 
Ig-iso 
14.4975 
19.6646 
26.1044 
38.6991 
48.6550 
21.3372 
18.4042 
14.4489 
7.0972 
1.2871 
9.6130 
9.5578 
9.6154 
9.5594 
9.5895 
34.5198 
36.1284 
37.9992 
42.8114 
36.5755 
10.7427 
11.2736 
11.8535 
12.0125 
12.5649 
Data obtained with tri-sec-butyl phosphate using aqueous 
Nd(NOg)g stock solution 0.5991 weight fraction Nd(N0g)g 
Ic-sec 
Id-see 
Ie-sec 
If-sec 
Ig-sec 
14.4522 
19.6336 
26.0785 
38.7875 
48.6096 
21.3205 
18.4067 
14.5346 
7.0569 
1.1236 
9.5618 
9.6545 
9.6251 
9.5702 
9 , 5421 
34.9607 
36.6386 
38.5433 
43.0789 
46.6198 
10.2217 
10.9059 
11.4663 
11.9481 
12.2342 
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Table 11. Weights of phases in grams in procurement of 
equilibrium data with tributyl phosphates from 
Preparation B 
Nd(NOg) g 
stock Drained Drained 
Run solution Water Solvent aqueous organic 
Data obtained with tri-n-butyl phosphate using aqueous 
Nd(N03)3 stock solution 0.5986 weight fraction Nd(N0g)g 
Ila-•n 5 .7820 29.0947 9.6255 34 .5799 9 .8154 
Ilb-n 10 .6654 24.1586 9.4110 33 .8708 10 .2119 
IIc-•n 13 .6839 21.0941 9;6283 33 .3026 10 .9594 
Ild-•n 18 .6023 16.2238 9.6331 32 .7140 11 .6524 
IIe-•n 22 .9124 11.9703 9.6432 32 .2502 12 .0736 
Ilf--n 27 .1506 6.8487 9.6586 30 .9366 12 .4550 
II g-•n 32 .0253 2.6933 9.6909 31 .3222 12 . 8506 
IIh-•n 59 .7851 none 9.6309 56 .3507 12 .7010 
Data obtained with tri-iso-butyl phosphate using aqueous 
Nd(N0g)g stock solution 0.5989 weight fraction Nd(N0g)g 
Ila-iso 5 .7426 29.1192 9.6434 34 .6717 9.7380 
Ilb-iso 10 .7352 24.3938 9.4611 34 .2465 10.4511 
IIc-iso 13 .7952 21.0991 9.8280 33 .3373 11.3077 
Ild-iso 18 .6711 26.2068 9.7893 . 43 . 2381 11.2862 
Ile-iso 22 • 7341 11.9016 9.6990 32 .0145 12.0771 
Ilf--iso 27 .8402 6.8298 9.7477 31 .4802 12.7747 
II g-sio 32 .1690 • 2-8851 9.7690 31 .7196 12.7861 
IIh-•iso 60 .6057 none 9.7853 57 .2849 12.8960 
Data obtained with tri-iëo-butyl phosphate using aqueous 
Nd(NOg)g stock solution 0.5987 weight fraction Nd(N0g)g 
11a -iso 5.8211 28 .9382 9 .7059 34. 6332 9.7700 
lib -iso 10.6805 24 .2247 9 .7675 34. 1497 10.4320 
lie -iso 13.8166 21 .0784 9 .8177 33. 6081 11.0125 
lid —iso 18.7307 16 .1674 9 .9211 32. 829 11.8493 
lie -iso 22.9276 11 .9 576 9 .9320 32. 2928 12.3633 
Ilf -sio 28.0608 6 .8560 9 .9081 31. 9823 12.6335 
Hg -iso 32.2682 2 .7359 9 .8941 31. 8634 • 12.8486 
Ilh -iso 61.0627 none 9 .8718 57. 8330 12.9247 
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Table 11» (Continued) 
Nd(N03)3  : 
stock Drained Drained 
Run solution Water Solvent aqueous organic 
Data obtained with tri-sec-butyl phosphate using aqueous 
Nd(NOg)g stock solution 0.5987 weight fraction Nd(N0g)g 
IIa-sec 
lib-sec 
Ilc-sec 
lid-sec 
lie-sec 
Ilf-sec 
IIg-sec 
Ilh-sec 
5.7337 
10.6254 
13.8708 
18.7748 
22.9289 
28.0028 
32.2441 
60 .6951 
29.0575 
24,1885 
21.1057 
16.0748 
12.0125 
6.8356 
2-7704 
none 
9.6857 
9.8265 
9.8194 
9.8510 
9.7865 
9.7727 
9.8304 
9.7984 
34.8127 
34.5272 
34.1951 
33.3123 
32.8819 
32.3174 
32,2223 
57.8107 
9 : 5844 
10.0283 
10.5149 
11.2579 
11.6751 
12.1010 
12.3689 
12.3720 
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Table 12. Weights and Nd(NOg)g weight fractions of material 
adhering to the inside of séparatory funnels used 
in procurement of equilibrium data with solvents 
from Preparation B 
Adhering Adhering 
Adhering weight Adhering weight 
(grams) fraction (grams) fraction 
Run Mtw Ntw Run Mtw Ntw 
Data obtained with Data obtained with 
tri-: n-butyl phosphate tri-iso -butyl phosphate 
Ila-n 0.1069 0.0206 Ila-iso 0.0955 0.0105 
Ilb-n 0.1523 0=0886 IIb-iso 0.0925 0.0086 
Ilc-n 0.1463 0.1536 Ilc-iso 0.0763 0,0695 
Ild-n 0.0928 0.1034 Ild-iso 0.1429 0.1295 
Ile-n 0.2021 0.2875 Ile-iso 0.2431 0.2262 
Ilf-n 0.2663 0.3308 Ilf-iso 0.1628 0.3041 
Ilg-n 0.2367 0.3507 IIg-iso 0.2174 0.3303 
Ilh-n 0.2643 0.4158 IIh-iso 0.2101 0.2989 
Da ta obtained wi th Data obtained with 
tri-sec-butyl phosphate tri-iso '-butyl phosphate 
Ila-sec 0.0798 0.0075 IIa'-iso 0.0620 0.0161 
lib-sec 0.0849 0.0389 lib'-iso 0.0910 0.1099 
lie-sec 0.0859 0.0931 lie1-iso 0.0921 0.1509 
lid-sec 0.1290 0.1558 lid'-iso 0.1407 0.2075 
lie-sec 0.1709 0.2077 lid'-iso 0.1611 0.2433 
Ilf-sec 0.1927 0.2579 Ilf1-iso 0.2091 0.2807 
Ilg-sec 0.2547 0.2760 IIg' -iso 0.1862 0.3185 
Ilh-sec 0.3118 0.2732 Ilh1-iso 0.1768 0.3196 
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Table 13. Errors introduced in calculated values- of z, 
water transferred from the organic phase per 
mole of neodymium nitrate extracted, due to 
small variation in the feed composition and 
organic phase molality 
% error Resulting % error Resulting 
introduced % error introduced % error 
in Nf in z in m0 in z 
Low concentration data, 
original oiq = 0. 5280, ma = 0.7760 
0.025 7.434 0-2 9.132 
0.05 14.72 0.3 15.62 
0.075 22.2 0.4 18.21 
0.1 • 29.4 0.6 27.40 
0.15 43.8 0.8 36.55 
1.0 45.81 
High concentration data, 
original m0 = 1. 2184, ma = 3.6110 
0.025 3.60 0.4 3.60 
0.050 6.94 0.8 7.23 
0.075 10.51 2.4 22;02 
0.10 13.85 4.8 45.23 
0.15 20.93 
0.20 27.45 
0.35 47.64 
